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Dose-response relationship for cilostazol effects on C. elegans dauer state motility
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Dose-response relationship for rolipram effects on C. elegans dauer state motility
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Dose-response relationship for MP10 eftects on C. efegans dauer state motility
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Time course of inhibitor effects on C. elegans dauer motility
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Time course of milrinone effects on C. elegans dauer motility
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Extent of reversibility of inhibitor effects of C. elegans dauer state motility
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METHODS OF IDENTIFICATION AND USE
OF NEMATICIDE COMPOUNDS

RELATED APPLICATIONS

This application 1s a divisional of US patent application
Ser. No. 14/776,827, filed Sep. 15, 2015, which was the
National Stage Filing under U.S.C. §371 of PCT to Inter-
national Application PCT/US2014/29910, filed Mar. 15,

2014, which claims benefit under 35 U.S.C. § 119(e) of U.S.
Provisional Application No. 61/793,374, filed Mar. 15,

2013, and-the content of each of which 1s incorporated by
reference herein 1n its entirety.

GOVERNMENT INTEREST

This invention was made with government support under

the Hatch grant NHO0368 awarded by the United States
Department of Agriculture (USDA). The Government has
certain rights 1n the mvention.

FIELD OF THE INVENTION

The mvention relates, 1 part, to nematicide compositions
and methods of their identification and methods of their use
to control phytoparasitic nematode infections and contami-
nation.

BACKGROUND

Plant-parasitic nematodes are a major cause of reduced
agricultural productivity worldwide, resulting in an esti-
mated $80-100 billion dollars in crop damage annually
|[Barker et al., (1994), Handoo, (1998)]. Current measures to
control damage from phytoparasitic nematodes falls into
three major categories: (a) biological controls (e.g., genetic
engineering of plants to increase resistance to nematode
attack, or introduction of organisms that target nematodes),
(b) agricultural practices (e.g., crop rotation, itercropping),
and (c¢) application of chemical pesticides. These traditional
approaches have been only partially successtul in reducing
nematode damage to crops.

SUMMARY OF THE INVENTION

The mvention 1n part, provides methods to 1dentily can-
didate compounds that reduce activity of phytoparasitic
nematodes, and also provides methods and compositions to
treat such infections and contamination by a phytoparasitic
nematode.

According to an aspect of the invention, methods of
identifying a candidate phytoparasitic nematode phosphodi-
esterase (PDE) ihibitor compound that disrupts cyclic
nucleotide metabolism 1n a phytoparasitic nematode are
provided. The methods iclude a) contacting a phytopara-
sitic nematode test sample with a test compound under
conditions suitable for PDE activity; b) measuring the level
of PDE activity 1n the test sample; ¢) comparing the mea-
sured level of PDE activity 1n the test sample to a control
level of PDE activity; and d) determining whether the
contacted test sample has a reduced level of PDE activity
relative to the control level of PDE activity, wherein a
reduced level of PDE activity 1n the test sample relative to
the control level of PDE activity identifies the test com-
pound as a candidate phytoparasitic nematode PDE inhibitor
compound that disrupts cyclic nucleotide metabolism in the
phytoparasitic nematode. In some embodiments, the control
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level 1s a level PDE of activity determined 1in a phytopara-
sitic nematode sample under conditions suitable for PDE
activity and not contacted with the test compound. In certain
embodiments, the control comprises a vertebrate sample
contacted with the candidate compound under suitable con-
ditions for PDE activity in the vertebrate sample, and
wherein a reduction in PDE activity 1n the test sample
relative to the control sample further identifies the test
compound as selectively disrupting cyclic nucleotide
metabolism 1n the phytoparasitic nematode compared to the
vertebrate. In some embodiments, the vertebrate PDE 1s an
ortholog of the phytoparasitic nematode PDE. In some
embodiments, the control comprises a non-phytoparasitic
nematode sample contacted with the test compound under
suitable conditions for PDE activity in the non-phytopara-
sitic nematode sample, and wherein a reduction 1n the level
of PDE activity 1n the test sample relative to the level of PDE
activity in the control sample further identifies the test
compound as selectively disrupting cyclic nucleotide
metabolism 1n the phytoparasitic nematode compared to the
non-phytoparasitic nematode. In certain embodiments, the
non-phytoparasitic nematode PDE 1s a PDE ortholog of the
phytoparasitic nematode PDE. In some embodiments, the
sample comprises one or more cells. In certain embodi-
ments, the test sample 1s an 1n vitro or an 1n vivo sample. In
some embodiments, the control sample 1s an 1n vivo or an 1n
vitro sample. In some embodiments, the candidate com-
pound 1s a compound that selectively binds a catalytic
binding site of a phytoparasitic nematode PDE as compared
to 1ts binding to the corresponding catalytic binding site of
a non-parasitic nematode PDE ortholog and/or a vertebrate
PDE ortholog. In some embodiments, the method also
includes determining one or more amino acid differences
between a sequence of a catalytic domain of the phytopara-
sitic nematode PDE and a sequence of the corresponding
catalytic domain of a non-phytoparasitic nematode PDE
ortholog or a vertebrate PDE ortholog; and selecting the test
compound based at least 1n part on the one or more 1dentified
differences between the catalytic domain sequences. In
certain embodiments, disrupting cyclic nucleotide metabo-
lism 1n the phytoparasitic nematode reduces an activity of a
phytoparasitic nematode. In some embodiments, the activity
of the phytoparasitic nematode 1s development, hatching,
transition from one life-cycle stage to another life-cycle
stage, chemosensation, chemotaxis, locomotion, mnvasion of
a host, replication, reproduction, viability, infectivity, or
establishment of a parasitic interaction with a host. In some
embodiments, the phytoparasitic nematode 1s an embryonic-
stage nematode, a juvenile-stage nematode, or an adult-stage
nematode. In certain embodiments, the phytoparasitic nema-
tode 1s a Heterodera spp., Pratylenchus spp., Globodera
spp., Meliodogyne spp., Radopholus ssp., or Xiphinema ssp.
nematode.

According to another aspect of the mnvention, methods of
reducing an activity of a phytoparasitic nematode, the
method comprising contacting the phytoparasitic nematode
with a selective phytoparasitic nematode phosphodiesterase
(PDE) mhibitor 1n an amount effective to reduce an activity
of the phytoparasitic nematode. In some embodiments,
contacting a vertebrate sample with the selective phytopara-
sitic nematode PDE inhibitor under conditions suitable for
PDE inhibition in the vertebrate sample does not result 1n a
significant negative eflect on a biological function of the
vertebrate sample. In some embodiments, contacting a ver-
tebrate sample with the selective phytoparasitic nematode
PDE inhibitor under conditions suitable for PDE inhibition

in the vertebrate sample does not result 1n a significant level
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of PDE inhibition in the vertebrate sample. In certain
embodiments, the selective phytoparasitic nematode PDE
inhibitor 1s more eflective at inhibiting a phytoparasitic
nematode PDE than inhibiting a vertebrate ortholog PDE. In
some embodiments, the vertebrate sample comprises a ver-
tebrate cell, tissue, or organism. In some embodiments, the
activity of the phytoparasitic nematode 1s development,
hatching, transition from one life-cycle stage to another
life-cycle stage, chemosensation, chemotaxis, locomotion,
infectivity, viability, reproduction, replication, 1nvasion of a
host, or establishment of a parasitic interaction with a host.
In some embodiments, the nematode 1s an embryonic-stage
nematode, a juvenile-stage nematode, or an adult-stage
nematode. In certain embodiments, the phytoparasitic nema-
tode 1s a Heterodera spp., Pratvlenchus spp., Globodera
spp., Meliodogyne spp., Radopholus ssp., or Xiphinema ssp.
nematode. In some embodiments, the phytoparasitic nema-
tode PDE 1s an ortholog of a vertebrate PDE. In some
embodiments, under suitable conditions for PDE inhibition,
the selective phytoparasitic nematode PDE inhibitor has a
higher level of inhibitory activity against the phytoparasitic
nematode PDE than against the vertebrate PDE ortholog. In
certain embodiments, contact of the vertebrate PDE ortholog
with the selective phytoparasitic nematode PDE inhibitor

under suitable conditions for PDE inhibition, results in a
ortholog of less

level of inhibition of the vertebrate PDE
than zero, or less than 20%., 30%, 40%., 50%, 60%, 70%,
80%, 90%, or 100% of the level of inhibition of the
phytoparasitic nematode PDE contacted by the selective
phytoparasitic nematode PDE inhibitor under suitable con-
ditions for PDE inhibition. In some embodiments, level of
inhibition of the vertebrate PDE ortholog of less than zero,
or less than 20%, 30%, 40%, or 50%, of the level of
inhibition of the phytoparasitic nematode PDE contacted by
the selective phytoparasitic nematode PDE inhibitor under
suitable conditions for PDE inhibition. In some embodi-
ments, the phytoparasitic nematode PDE 1s an ortholog of a
non-phytoparasitic nematode PDE. In certain embodiments,
the non-phytoparasitic nematode 1s a C. elegans. In some
embodiments, under suitable conditions for PDE 1nhibition,
the selective phytoparasitic nematode PDE inhibitor has a
higher level of mnhibitory activity against the phytoparasitic
nematode PDE than against the non-phytoparasitic nema-
tode PDE ortholog. In some embodiments, contact of the
non-phytoparasitic nematode PDE ortholog with the selec-
tive phytoparasitic nematode PDE inhibitor under suitable
conditions for PDFE inhibition, results in a level of inhibition
ol the non-phytoparasitic nematode PDE ortholog of zero, or
less than 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 99%,
or 100% of the level of ihibition of the phytoparasitic
nematode PDE contacted by the selective phytoparasitic
nematode PDE inhibitor under suitable conditions for PDE
inhibition. In certain embodiments, the phytoparasitic nema-
tode 1s additionally contacted with one or more additional
anti-phytoparasitic agents, wherein the selective PDE inhibi-
tor and the additional agent act synergistically to reduce the
activity of the phytoparasitic nematode. In some embodi-
ments, the additional anti-phytoparasitic agent 1s a pesticide
fumigant or a compound that stimulates synthesis of cyclic
nucleotides.

According to yet another aspect of the mvention, com-
positions comprising a phytoparasitic nematode phosphodi-
esterase (PDE) ihibitor compound and an additional anti-
phytoparasitic-nematode agent are provided. In some
embodiments, the PDE inhibitor compound 1s a PDE 1nhibi-
tor that when contacted with a vertebrate control does not
result 1n a significant negative effect on a biological function
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of the vertebrate control. In certain embodiments, the addi-
tional anti-phytoparasitic-nematode agent 1s a pesticide
fumigant or a compound that stimulates synthesis of cyclic
nucleotides. In some embodiments, the phytoparasitic nema-
tode 1s a Heterodera spp., Pratylenchus spp., Globodera
spp., Meliodogyne spp., Radopholus ssp., or Xiphinema ssp.
nematode.

According to another aspect of the invention, methods of
decontaminating a substrate that has or 1s at risk of having
phytoparasitic nematode contamination are provided. The
methods 1include contacting the substrate with one or more
selective phytoparasitic nematode phosphodiesterase (PDE)
inhibitors 1n an amount effective to reduce the phytoparasitic
nematode contamination of, or risk of phytoparasitic nema-
tode contamination of, the substrate. In some embodiments,
the phytoparasitic nematode 1s a Heterodera spp., Pratyien-
chus spp., Globodera spp., Meliodogyne spp., Radopholus
ssp., or Xiphinema ssp. nematode. In certain embodiments,
the phytoparasitic nematode 1s an embryonic-stage nema-
tode, a juvenile-stage nematode, or an adult-stage nematode.
In some embodiments, reducing the phytoparasitic nema-
tode contamination of the substrate comprises reducing the
viability of and/or imnfectivity of the one or more phytopara-
sitic nematodes 1n or on the substrate. In some embodiments,
the substrate comprises a plant, a portion of a plant, soil,
tertilizer, manure, peat, loam, vermiculite, an agricultural
medium, or a planting medium. In some embodiments, the
contaminated substrate comprises or 1s likely to comprise
one or more phytoparasitic nematodes. In certain embodi-
ments, the substrate 1s contacted by an aqueous composition
comprising the selective phytoparasitic nematode PDE
inhibiting compound.

According to another aspect of the invention, methods of
treating a phytoparasitic nematode infection 1n a plant are
provided. The methods including: admimistering to a plant
having, or at risk of having, a phytoparasitic nematode
infection an eflective amount of at least one selective
phytoparasitic nematode phosphodiesterase (PDE) 1nhibitor
to treat the phytoparasitic nematode infection. In some
embodiments, contacting a vertebrate control with the
amount of the selective PDE 1nhibitor does not result 1n a
significant negative effect on a biological function of the
vertebrate control. In some embodiments, the infection 1s a
Heterodera spp. nematode infection, Pratvienchus spp.
nematode infection, Globodera spp. nematode infection,
Meliodogyne spp. nematode infection, Radopholus ssp.
nematode infection, or Xiphinema nematode infection. In
certain embodiments, the parasitic nematode infection com-
prises the presence of one or more parasitic nematodes in the
plant, on the plant, or 1n the environment of the plant. In
some embodiments, the parasitic nematode 1s an embryonic-
stage nematode, a juvenile-stage nematode, or an adult-stage
nematode. In some embodiments, the method also includes
administering one or more additional nematicides to the
plant and/or the environment of the plant. In certain embodi-
ments, the environment of the plant comprises the substrate
in which the plant 1s growing or will be grown. In some
embodiments, the treatment 1s a prophylactic treatment.

According to another aspect of the invention, kits are
provided. The kits may include, a first container housing a
phytoparasitic nematode phosphodiesterase (PDE) inhibitor,
a second container housing a second nematicide compound,
and 1nstructions for admimistering the inhibitor and the
nematicide compound to a substrate having or at risk of
having a phytoparasitic nematode infection or contamina-
tion. In certain embodiments, the infection 1s a Heterodera
spp. nematode infection, Pratyvienchus spp. nematode infec-
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tion, Globodera spp. nematode 1nfection, Meliodogyne spp.
nematode infection, Radopholus ssp. nematode infection, or

Xiphinema ssp. nematode infection. In some embodiments,
the parasitic nematode infection comprises the presence of
an embryonic-stage nematode, a juvenile-stage nematode, or
an adult-stage nematode 1n or on the plant. In some embodi-
ments, the kit also includes instructions to administer one or
more additional phytoparasitic nematode PDE inhibitor
compounds and/or a nematicide compound to the substrate.
In certain embodiments, the substrate comprises a plant, a
portion of a plant, soil, fertilizer, manure, peat, loam, ver-
miculite, an agricultural medium, or a planting medium.
The present invention 1s not intended to be limited to a
system or method that must satisty one or more of any stated
objects or features of the mvention. It 1s also important to
note that the present invention 1s not limited to the exem-
plary or primary embodiments described herein. Modifica-
tions and substitutions by one of ordinary skill 1in the art are
considered to be within the scope of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 provides a diagram of enzymes responsible for
regulating the levels of cyclic nucleotides 1 cells.
PDE=phosphodiesterase; ATP=adenosine triphosphate;
G TP=guanosine triphosphate; 5'-AMP=5'-adenosine mono-
phosphate; S'-GMP=5"-guanosine monophosphate;
cAMP=cyclic adenosine monosphosphate; and
cGMP=cyclic guanosine monophosphate.

FI1G. 2 provides a diagram showing a phylogenetic tree for
vertebrate and nematode PDEs. Nine to 14 sequences from
cach vertebrate PDE family along with nematode PDE
sequences from 4 Caenorhabditis species and from M. hapla
were aligned and a tree generated. For simplicity only the
human, C. elegans, and M. hapla sequences are represented.

FIG. 3 provides a table of accession numbers for proteins

used to generate the phylogenetic tree for PDE families for
PDE1, PDE2, PDE3, PDE4, PDE10 (nematode PDE-5) and
PDES (nematode PDE-6. Omitted from FIG. 3 are accession
numbers for proteins from those five PDE families that are
not present in nematode genomes.

FIG. 4 shows results of alignments of saturated evolu-
tionary trace analysis that was used to identily unanimous
sites (1dentical amino acid 1n every vertebrate and mverte-
brate sequence analyzed) and class-specific sites (an invari-
ant amino acid 1n every vertebrate sequence within a PDE
family and a different, invariant amino acid present in every
nematode sequence ol the same PDE family). Groups of
identifiers [e.g., nematode, vertebrate, 3-1sobutyl-1-methyl-
xanthine (IBMX) interactions, and PDE family] are listed on
the left, residues are shown and specific diflerences between
residues at locations are shown. Two boxes 1n residues for
M. hapla indicate residues that are different for M. hapla
compared to the corresponding residue 1 Caenorhabditis
spp. These boxes are the first box 1 PDE3 (L) and the
second box 1n PDE4 (L) and these boxes indicate a residue
at a position only 1 Meliodogyne hapla. The remaining
boxes shown 1n FIG. 4 indicate a residue at a position that
1s only 1 Meliodogvne hapla and Caenorhabditis spp.

FIG. 5 provides a data key that can be used to 1dentity the
position of each of the listed residues, relative to the human
sequences whose accession numbers are in the second to
bottom box of each column. Protein Data Bank (PDB;
www.rcsb.org) structure file identification numbers are pro-
vided 1n the bottom box of each column of FIG. 5.

FIG. 6 provides a graph showing changes 1n worm egg

hatching after exposure to various PDE inhibitors or control
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(1.e., worms that did not contact a PDE inhibitor). Nema-
todes were allowed to progress to adulthood (~4 days) and
produce eggs at room temperature while exposed to PDE
inhibitors at concentrations maximally reducing motility.
The number of newly hatched juveniles on Day 5 was
counted and normalized to the reproductive success of the
control condition (no inhibitor). This experiment was per-
formed once.

FIG. 7 shows a graph of results of the effects of various
PDE inhibitors on worm motility in which an asynchronous
population of nematodes or a population of dauer nematodes
were compared. Testing was performed after contact with
IBMX, vinpocetine, EHNA, cilostazol, rolipram, papaver-
ine, or dipyridamole at the concentrations indicated on the
figure. Solid black bars represent the asynchronous popula-
tion. The grey bars represent the dauer state population. The
experiment was repeated three times and the data points
represent the mean plus and minus the standard deviation.

FIG. 8 shows a dose-response graph for cilostazol (a
PDE3 inhibitor). The graph indicates the micromolar (um)
concentration of cilostazol and the fraction of motile worms
relative to control worms not contacted with cilostazol. The
experiment was repeated three times and the data points
represent the mean plus and minus the standard deviation.

FIG. 9 shows a dose-response graph for milrinone (a
PDE3 inhibitor). The graph indicates the millimolar (mM)
concentration of milrinone and the fraction of motile worms
relative to control worms not contacted with milrinone. The
experiment was repeated three times and the data points
represent the mean plus and minus the standard deviation.

FIG. 10 shows a dose-response graph for rolipram (a
PDE4 inhibitor). The graph indicates the micromolar (uM)
concentration of rolipram and the fraction of motile worms
relative to control worms not contacted with rolipram. The
experiment was repeated three times and the data points
represent the mean plus and minus the standard deviation.

FIG. 11 shows a dose-response graph for papaverine (a
vertebrate PDE10 1nhibitor). The graph indicates the micro-
molar (uM) concentration of papaverine and the fraction of
motile worms relative to control worms not contacted with
papaverine. The experiment was repeated three times and
the data points represent the mean plus and minus the
standard deviation.

FIG. 12 shows a dose-response graph for MP10 (a ver-
tebrate PDE10 1inhibitor). The graph indicates the micromo-
lar (uM) concentration of MP10 and the fraction of motile
worms relative to control worms not contacted with MP10.
The experiment was repeated three times and the data points
represent the mean plus and minus the standard deviation.

FIG. 13 provides a graph showing results of a study to
determine the time course of PDE imhibitor eflects on worm
motility following contact with the inhibitor compound. The
time 1s shown 1n hours after contact was mitiated and the
cllect was determined by assessing the fraction of contacted
worms that were motile, relative to control worm motility
(1.e., motility of worms not contacted with tested drug).
Cilostazol (circles and solid line), rolipram (squares and
dotted line) and papaverine (triangles and dashed line) were
tested. The experiment was repeated three times and the data
points represent the mean plus and minus the standard
deviation.

FIG. 14 shows graphs of results of a study to determine
the time of drug effect on worm motility after contact with
milrinone (FIG. 14A) and MP10 (FIG. 14B). The time 1s
shown 1n hours after contact and the eflect was determined
by assessing the fraction of contacted worms that were
motile, relative to control worm motility (1.e., motility of
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worms not contacted with the tested drug). The X-axis
shows times at which motility was evaluated and the Y-axis

shows the fraction of all worms that exhibited normal
motility. The experiment was repeated three times and the
data points represent the mean plus and minus the standard
deviation.

FIG. 15 shows a graph of recovery of motility after
contact with a PDE inhibitor ceased. The results show the
fraction of total worms with altered motility after drug
contact and the fraction of worms that recovered normal
motility after contact with the following inhibitors ceased:
cilostazol, milrinone, rolipram, papaverine, and MP10.
Motility 1s shown relative to the control condition (i.e.,
motility of worms not contacted with the test drug). The
black bars represent the fraction of motile worms aiter 24
hours of exposure to the PDE inhibitor. The grey bars
represent the fraction of motile worms 24 hours after the
exposure to the inhibitor ceased. The experiment was
repeated three times and the data points represent the mean
plus and minus the standard deviation.

FIG. 16 shows a sequence alignment of the PDE3 amino

acid sequences from Meloidogyne hapla [MHA PDE3 (SEQ
ID NO:1), contig 894], Heterodera glycines [HGL PDE3
(SEQ ID NO:2), U.S. Pat. No. 8,067,671 sequence 143193],
Caenorhabditis elegans |[CEL PDE3 (SEQ ID NO:3),
Accession number NP 001234453], and Homo sapiens
|[HSA PDE3 (SEQ ID NO:4), Accession number NP
000913].

DETAILED DESCRIPTION

It has now been 1dentified that PDE 1nhibitor compounds
can be used 1n methods to treat phytoparasitic nematode
infections in plants and to treat phytoparasitic nematode
contamination of substrates. In certain aspects of the inven-
tion, methods of identifying compounds that function as
phytoparasitic nematode PDE inhibitors are provided. The
invention also provides 1n some aspects, 1 vitro and/or 1n
vivo methods useful to characterize one or more compounds
to determine whether or not they may be useful to treat a
phytoparasitic nematode infection or to reduce or eliminate
contamination by a phytoparasitic nematode. The invention,
in some aspects includes methods of using phytoparasitic
nematode PDE inhibitors to treat a phytoparasitic nematode
infection and/or to reduce contamination of a substrate by a
phytoparasitic nematode.

Some aspects ol the mvention include methods such as
assays that may be used to identily compounds useful to
treat a phytoparasitic nematode infection 1n a cell or plant,
or to reduce or eliminate phytoparasitic nematode contami-
nation of a substrate. Methods of the invention may also be
used to determine eflicacy, cell toxicity, and other charac-
teristics of PDE compounds that may be used to treat a
phytoparasitic nematode infection or to reduce or eliminate
phytoparasitic nematode contamination of a substrate.
Phytoparasitic Nematode Infection and Contamination

Phytoparasitic nematodes can infect plants and can also
contaminate substrates such as growth media, equipment,
so1l, etc. Infection of a plant by a phytoparasitic nematode
and contamination of a substrate by a phytoparasitic nema-
tode may be characterized by the presence of a life-cycle
stage ol a phytoparasitic nematode 1n or on a cell or tissue
of the plant and/or in or on the substrate. Phytoparasitic
nematodes go through six developmental stages—an egg
stage, four immature (juvenile) stages, and an adult stage.
Many phytoparasitic nematode species can develop from
egg to egg-laying adult in as little as 21 to 28 days under
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suitable conditions. Phytoparasitic nematodes can survive
from season to season primarily as eggs 1n soil. In the case
of root-based phytoparasitic nematodes, after the eggs hatch,
the juveniles typically mvade roots, usually at root tips,
causing some of the root cells to enlarge where the nema-
todes feed and develop. The male nematodes eventually
leave the roots, but the females remain embedded, laying
their eggs 1nto a jellylike mass that extends through the root
surface and into the soil.

Examples of phytoparasitic nematodes include, but are
not limited to: root knot nematodes, stem eelworms and
toliar nematodes; Heterodera spp., for example, Heterodera
schachtii, Heterodora avenae, Heterodora trifolii and Het-
ervodera glycines; Globodera spp., for example Globodera
rostochiensis; Meloidogyne spp., for example Meloidogyne
incoginita, Meloidogyne hapla, and Meloidogyne javanica;
Radopholus spp., for example Radopholus similis;, Praty-
lenchus, for example Pratylenchus neglectans and Pratyien-
chus penetrvans; Tvlenchulus, for example Tvlenchulus semi-
Longidorus, Trichodorus, Xiphinema,
Ditvienchus, Aphelenchoides and Anguina.

In some embodiments of the immvention, PDE inhibitory
compounds may be administered to a plant or a substrate to
treat a phytoparasitic nematode 1infection 1n the plant and to
treat the phytoparasitic nematode contamination of the sub-
strate. Thus, the invention 1n some aspects relates to methods
for reducing a phytoparasitic nematode infection or con-
tamination in a plant or in/on a substrate. In some embodi-
ments, reducing a phytoparasitic nematode infection means
lowering the amount of a phytoparasitic nematode in or on
a plant or in/on a substrate. In some embodiments of the
invention, a phytoparasitic nematode infection 1s reduced by
reducing an activity of the phytoparasitic nematode. As used
herein, the term “activity” used in reference to a phytopara-
sitic nematode, may include, but 1s not limited to phytopara-
sitic nematode development, hatching, transition from one
life-cycle stage to another life-cycle stage, reproduction,
replication, chemosensation, chemotaxis, locomotion, inva-
sion of a host, feeding, ingestion, viability, infectivity,
establishment of a parasitic interaction with a host, etc. In
some embodiments of the mnvention, reducing an activity of
a phytoparasitic nematode includes reducing the viability
and/or infectivity of the phytoparasitic nematode. Thus, 1n
certain embodiments of the nvention, a phytoparasitic
nematode PDE inhibitor compound of the invention may,
when contacted with the phytoparasitic nematode, reduce
viability and/or infectivity ol a phytoparasitic nematode,
thus reducing or eliminating a phytoparasitic nematode
infection or risk of infection of a plant, and/or reducing or
climinating a phytoparasitic contamination or risk of con-
tamination of a substrate.

In certain embodiments of the invention, methods may
include decreasing the number of phytoparasitic nematodes
in or on a plant or substrate to a level that 1s etfective to treat
the phytoparasitic nematode infection or contamination. As
used herein, the terms “treat”, “treated”, or “treating” when
used with respect to a phytoparasitic nematode infection of
a plant may refer to a prophylactic treatment that decreases
the likelihood of a plant developing the phytoparasitic
nematode infection, and also may refer to a treatment after
the plant has developed the phytoparasitic nematode nfec-
tion 1n order to eliminate or reduce the level of the phy-
toparasitic nematode infection, prevent the phytoparasitic
nematode infection from becoming more advanced (e.g.,
more severe), and/or slow the progression of the phytopara-
sitic nematode infection compared to 1n the absence of the
therapy.
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As used herein, the terms “treat™, “treated”, or “treating”
when used with respect to a phytoparasitic nematode nfec-
tion of a plant or contamination in or on a substrate may refer
to reducing an activity of an infectious phytoparasitic nema-
tode 1n or on the plant or substrate. An activity may be
reduced by disruption of cyclic nucleotide metabolism in the
phytoparasitic nematode. Treating a substrate with a PDE
inhibitor compound of the invention may reduce the amount
of phytoparasitic nematode 1n or on the substrate and may
also reduce the likelihood of phytoparasitic nematode infec-
tion of a plant that contacts the treated substrate. For
example, 1f treatment of a substrate with a PDE inhibitor
compound of the mvention reduces the amount of 1infective
phytoparasitic nematode on a surface, i soil, etc., the

likelihood of infection of a plant that contacts the treated
substrate, may be reduced by up 10%, 20%, 30%, 40%,
50%, 60%, 70%, 80%, 90%, 95%, or 100% as compared to
the likelihood of phytoparasitic nematode infection of a
plant contacted by the untreated substrate. Thus, the treat-
ment of the substrate (e.g., the growth medium, soi1l, water,
etc.) reduces the likelihood of phytoparasitic nematode
infection of a plant that contacts the treated substrate.
PDE Inhibitors

Disruption of cyclic nucleotide metabolism 1n nematodes
by inhibiting phosphodiesterase (PDE) activity has been
reported to disrupt the life cycle of the roundworm C.
elegans. It has now been 1dentified that PDEs present 1n
phytoparasitic nematodes have amino acid differences in
their PDE inhibitor compound binding sites that can be
utilized to selectively target phytoparasitic nematodes to
disrupt their life cycle, and to show decreased effect when
contacted with non-phytoparasitic nematode PDEs or ver-
tebrate PDEs.

FI1G. 1 shows enzymes responsible for regulating levels of
cyclic nucleotides 1n cells. Levels of cyclic nucleotides 1n
cells are controlled by the balance of the rate of synthesis (by
adenylate and guanylate cyclases) and degradation (by
cyclic nucleotide phosphodiesterases; PDEs). Several
classes of phosphodiesterase enzymes exist, with the Class
I PDEs being the most common. Class I PDEs are found 1n
all eukaryotes except higher plants.

The vertebrate Class 1 PDE supertamily consists of 11
distinct enzyme families that share a highly conserved
catalytic domain but differ in their substrate specificity,
mode of regulation, pharmacological properties, and tissue
distribution.

A phylogenetically diverse set of amino acid sequences
for the 11 vertebrate PDE sequences has been compiled to
generate a representative set of sequences to categorize
nematode PDEs. PDE orthologs in selected nematode
genomes (Caenorhabditis spp. and M. hapla) that corre-
spond to vertebrate PDE families 1, 2, 3, 4, 8, and 10, have
now been 1dentified. Multiple sequence alignments of the
catalytic domain 1dentified 13 unanimous and multiple fam-
ily-specific sites. For example, analysis of known drug
interaction sites of selective inhibitors of human PDE3 and
PDE4 showed that ~80% of the residues responsible for
drug stabilization 1n human PDEs are also present in A,
hapla orthologs, indicating that parasitic nematodes are
susceptible to targeted disruption of their life cycle by
tamily-specific PDE inhibitors. Thus, 1t has now been deter-
mined that contacting a phytoparasitic nematode with a
phytoparasitic nematode PDE inhibitor can be used to
disrupt cyclic nucleotide metabolism in the phytoparasitic
nematode, and to inhibit an activity of the phytoparasitic
nematode such as replication, viability, infectivity, etc.
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As used herein, the term ““selective” used 1n the context of
PDE inhibitor families means a PDE inhibitor that reduces
PDE activity of members of a PDE family, but does not
significantly reduce PDE activity of members of another
PDE family. In other words, a selective PDE inhibitor may
be a PDE inhibitor that significantly reduces PDE activity of
members of a PDE family at a concentration that does not
significantly reduce PDE activity of members of another
PDE family. For example, under suitable conditions for PDE
inhibition, a selective inhibitor of a nematode PDE1 inhibits
PDE]1 activity but does not inhibit nematode PDE2, PDE3,
PDE4, PDES, or PDE10 activity to a significant extent.
Similarly, under suitable conditions for inhibition, a selec-
tive inhibitor of vertebrate family PDE10 inhibits PDEI1O
activity and does not significantly inhibit activity of verte-
brate PDE1, PDE2, PDE3, PDE4, PDES, PDE6, PDEY,
PDER, PDE9, or PDFI11l. It will be understood that a
selective inhibitor of a PDE may inhibit activity of another
PDE family, but that it will have significantly lower ability
to 1nhibit that PDE family relative to 1ts ability to inhibit the
family for which it 1s selective.

In some embodiment of the invention, a selective inhibi-
tor may inhlibit a level of PDE activity of a different PDE
family by an amount that 1s only up to 3%, 10%, 20%, 30%,
40%, 50%., 60%, 70%, or 80%, of the level of inhibition of
a PDE in the family for which the PDE 1s selective when the
activities of the two aforementioned PDEs are compared
under similar or identical conditions. Thus, 1n a non-limiting,
example, under conditions suitable for PDE inhibition, a
selective phytoparasitic nematode PDE] inlibitor may
inhibit none of the activity or up to 1%, 5%, 10%, or 20%
of PDE2, PDE3, PDE4, PDES, or PDE10 activity, but may
inhibit (under similar or identical conditions) up to 30%.,
40%, 50%, 60%, 70%, 80%, 90%, or 100% of the activity
of PDE]. It will be understood that a selective phytoparasitic
nematode PDE inhibitor may or may not inhibit a vertebrate
and/or non-phytoparasitic nematode PDE ortholog, such as
a PDE 1n a vertebrate or non-phytoparasitic PDE family that
corresponds to the PDE phytoparasitic nematode family
classification.

Table 1 shows correspondence between vertebrate PDE
family members and nematode PDE classifications. An
example of an 1nhibitor that 1s selective for each vertebrate
family 1s also listed in Table 1. Numerous additional selec-
tive mhibitors (e.g., selective for a family/class) are also

known 1n the art [see for example, Bender and Beavo
(2006); Lugnier (2006); Francis et al. (2011)].

TABLE 1
Vertebrate PDE Nematode PDE Example PDE
Family classification Inhibitor
PDE1 PDE-1 Vinpocetine
PDE2 PDE-2 EHNA¥
PDE3 PDE-3 Cilostamide
PDE4 PDE-4 Rolipram
PDE10O PDE-5 Papaverine
PDER PDE-6 Dipyridamole

*EHNA = (erythro-9-(2-hydroxy-3-nonyl)adenine

Methods to Identily Candidate Compounds

Certain aspects of the invention include methods of
identifying and/or screening additional candidate com-
pounds to identify compounds that may be used to treat a
phytoparasitic nematode infection or contamination in a
plant or substrate, respectively.
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Assay methods of the invention, such as those described
in the examples section or others known 1n the art, may be
used to assess the eflicacy of PDE compounds to inhibit PDE
activity and thereby to reduce phytoparasitic nematode
infections and/or contamination of a substrate.

In some aspects of the mvention, methods are provided
that can be used to identily a phytoparasitic nematode
phosphodiesterase (PDE) inhibitor compound, also referred
to herein as a “candidate compound™ that disrupts cyclic
nucleotide metabolism 1 a phytoparasitic nematode. In
some embodiments of the mvention the disruption of the
cyclic nucleotide metabolism 1s suflicient to inhibit an
activity of the phytoparasitic nematode. Activities, described
clsewhere herein, include but are not limited to: viability of
the phytoparasitic nematode, infectivity of the phytopara-
sitic nematode (e.g., the ability of the phytoparasitic nema-
tode to infect a plant), reproducibility or replication of the
phytoparasitic nematode, motility of the phytoparasitic
nematode, etc. In some embodiments of the invention meth-
ods of identifying a phytoparasitic nematode PDE 1nhibitor
compound may include contacting a phytoparasitic nema-
tode test sample with a test compound under conditions
suitable for PDE activity; measuring the level of PDE
activity 1n the test sample; comparing the measured level of
PDE activity 1n the test sample to a control level of PDE
activity; and determining whether the contacted test sample
has a reduced level of PDE activity relative to the control
level of PDE activity. A test sample may be a solution of
nematodes, nematode cells, disrupted nematode cells, etc.,
that 1s suitable for contacting with a candidate PDE 1nhibitor
and determining whether the candidate compound altered,
¢.g., reduced, the PDE activity in the sample. In some
embodiments the determination of a reduced level of PDE
activity in the test sample relative to the control level of PDE
activity identifies the test compound as a candidate phy-
toparasitic nematode PDE inhibitor compound that disrupts
cyclic nucleotide metabolism 1n the phytoparasitic nema-
tode. A level of PDE enzymatic activity 1n a sample can be
determined using standard methods known 1n the art, see for
example Zhang et al. (2005).

As described elsewhere herein, various types of control
samples can be tested and compared to the eflect of con-
tacting a candidate phytoparasitic nematode PDE 1nhibitor
compound with a phytoparasitic nematode. A control sample
may be phytoparasitic nematode sample under conditions
suitable for PDE activity, (or inhibition of PDE activity) and
not contacted with the test compound. In some embodiments
of the invention, a control sample may be a vertebrate
sample contacted with the candidate compound under suit-
able conditions for PDE activity (or inhibition of PDE
activity) 1n the vertebrate sample, or a control sample may
be a non-phytoparasitic nematode sample contacted with the
candidate compound under suitable conditions for PDE
activity (or inhibition of PDE activity) 1n the non-phytopara-
sitic nematode sample.

In certain embodiments, a determination that PDE activity
1s reduced 1n a phytoparasitic nematode test sample relative
to a vertebrate or non-phytoparasitic nematode control
sample 1dentifies the test compound as specifically disrupt-
ing cyclic nucleotide metabolism in the phytoparasitic
nematode compared to the vertebrate, or the non-phytopara-
sitic nematode, respectively. A PDE inhibitor compound that
1s specilic for a phytoparasitic nematode PDE compared to
a vertebrate or non-phytoparasitic nematode PDE 1s an
inhibitor compound that has a higher relative level of
inhibition 1 a phytoparasitic nematode then of a vertebrate

or non-phytoparasitic nematode. In some embodiments,
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such a specific PDE inhibitor may be desirable for treatment
of a phytoparasitic nematode infection or contamination
because 1t 15 less likely than a less specific PDE inhibitor to
be toxic or harmiul to a vertebrate or non-phytoparasitic
nematode when used 1n a treatment against or for decon-
tamination against a phytoparasitic nematode.

In some embodiments, methods of the invention for
identifying a candidate compound may utilize control
samples that comprise a vertebrate PDE that 1s an ortholog
to a phytoparasitic nematode PDE. Similarly, in some
embodiments of the mvention, a control sample may com-
prise a non-phytoparasitic nematode PDE that 1s an ortholog
to a phytoparasitic nematode PDE.

A test compound to assay using a method of the invention
can be selected for one or more reasons or characteristics.
Test compounds may be obtained from a library or other
collection of potential test compounds. In some embodi-
ments of the invention, a test compound may have a par-
ticular structure feature, sequence characteristic, binding
characteristic, or functionality. For example, mn some
embodiments of the mvention, a test compound 1s a com-
pound that selectively binds a catalytic binding site of a
phytoparasitic nematode PDE as compared to the binding of
the test compound to a corresponding catalytic binding site
of a non-phytoparasitic nematode PDE ortholog and/or a
vertebrate PDE ortholog. As another example, the athinity of
a PDE mhibitor to the phytoparasitic nematode PDE can be
greater than the athnity of the PDE inhibitor to a control
PDE such as a non-phytoparasitic nematode PDE or a
vertebrate PDE. Aflinity of a PDE inhibitor to a PDE can be
determined using standard methods to assess binding char-
acteristics and binding coetlicients. In another example, one
or more diflerences between the amino acid sequence of a
catalytic domain of a phytoparasitic nematode PDE and a
sequence ol a corresponding catalytic domain of a non-
phytoparasitic nematode PDE ortholog or a vertebrate PDE
ortholog can be compared and PDE inhibitor test com-
pounds may be selected for testing and assays of the
invention based at least 1n part on the one or more 1dentified
differences between the catalytic domain sequences. See
Examples section and FIG. 4 for differences in residues 1n
amino acid sequences that may be utilized 1n the determi-
nation of PDE ihibitors that are more specific for phy-
toparasitic nematode PDEs than for vertebrate and/or non-
phytoparasitic nematode PDEs, for use in methods of the
invention.

Some embodiments of the invention include methods of
assessing ellicacy of a compound for the treatment of a
phytoparasitic nematode infection or contamination by a
phytoparasitic nematode. The 1nvention, 1 some aspects
may include contacting an identified PDE inhibitor test or
candidate compound with a phytoparasitic nematode and
testing to see the eflect on an activity of the phytoparasitic
nematode. Examples of testing means that may be used
include but are not limited to, determining whether the
compound modifies PDE activity in the phytoparasitic
nematode, determining whether the compound reduces a
phytoparasitic nematode activity such as replication, infec-
tivity, viability, etc. Non-limiting examples ol assays that
may be used for testing are set forth 1n the Examples, and
other art-known assays. Methods can be used that permait
assessment of phytoparasitic nematode infection and/or con-
tamination before and after contact with the compound,
which may also be referred to herein as a test or candidate
compound or agent. A decrease 1n the amount of an activity
of the phytoparasitic nematode and/or the amount of the
phytoparasitic nematode in comparison to a suitable control
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1s 1ndicative of a compound agent capable of treating a
phytoparasitic nematode infection or contamination. In cer-
tain embodiments of the invention, ethicacy of a PDE
inhibitor can be determined by assessing enzyme activity, a
downstream eflect of enzyme activity, etc. Means for such
assessment of PDE inhibitor eflectiveness and eflicacy are
known 1n the art.

An assay mixture useful to assess a treatment candidate
for a phytoparasitic nematode infection comprises a test
PDE inhibitor compound. The candidate compound may be
an antibody, small organic compound, small molecule, poly-
peptide, nucleic acid, etc., and accordingly can be selected
from combinatorial antibody libraries, combinatorial protein
libraries, small organic molecule libraries, or any other
suitable source. Typically, a plurality of reaction mixtures 1s
run in parallel with different test PDE inhibitor compound
concentrations to obtain a different response to the various
concentrations. Typically, one of these concentrations serves
as a negative control, 1.e., at zero concentration of the
candidate compound or at a concentration of compound
below the limits of assay detection.

Test compounds may be obtained from a wide variety of
sources 1ncluding libraries of synthetic or natural com-
pounds. For example, numerous means are available for
random and directed synthesis of a wide variety of organic
compounds and biomolecules, including expression of ran-
domized oligonucleotides, synthetic organic combinatorial
libraries, phage display libraries of random or non-random
polypeptides, combinatorial libraries of proteins or antibod-
ies, and the like. Alternatively, libraries of natural com-
pounds in the form of bacterial, fungal, plant, and animal
extracts are available or readily produced. Additionally,
natural and synthetically produced libraries and compounds
can be readily be modified through conventional chemical,
physical, and biochemical means. Further, known com-
pounds, which may be USDA approved compounds to treat
other diseases or conditions 1n plants, may be subjected to
directed or random chemical modifications such as acy-
lation, alkylation, esterification, amidification, etc. to pro-
duce structural analogs of the compounds.

Non-limiting examples of assays and methods to test a
candidate compound, identily a compound that may treat a
phytoparasitic nematode infection or contamination, and to
assess eflicacy of compounds such as assays of phytopara-
sitic nematode number and/or one or more phytoparasitic
nematode activities are provided herein in the Examples
section.

Methods and Compounds to Reduce Phytoparasitic Nema-
tode Activity

A number of treatment methods and compounds of the
invention have been identified as useful to treat infection
and/or contamination by phytoparasitic nematode species.
Methods of the invention that relate to anti-phytoparasitic
nematode activity include treatment of phytoparasitic nema-
tode 1n plants, including, but not limited to agricultural crop
plants. Thus, compounds and methods of the invention may
be used to treat phytoparasitic nematode 1infections in plants,
and may also be administered to decontaminate phytopara-
sitic nematode contamination of a substrate. It has now been
identified that PDE ihibitor compounds can be used, inde-
pendent of any prior known use, to reduce one or more
phytoparasitic nematode activity and treat a phytoparasitic
nematode infection 1n a plant.

Phosphodiesterase (PDE) inhibiting compounds have
now been 1dentified as usetul to treat phytoparasitic nema-
tode infections and contamination. As used herein, a PDE
inhibiting compound means a compound that reduces or
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climinates PDE activity 1n a contacted cell or organism, for
example 1 a phytoparasitic nematode contacted with the
compound. The term “anti-phytoparasitic nematode agent™
1s also used herein to refer to a compound that may be used
to treat a phytoparasitic nematode infection, reduce con-
tamination of a substrate by a phytoparasitic nematode,
and/or to mhibit one or more activities of a phytoparasitic
nematode. A non-limiting example of an anti-phytoparasitic
nematode agent 1s a phosphodiesterase (PDE) inhibitor.

A treatment method of the mvention may include con-
tacting a phytoparasitic nematode with an amount of a
phytoparasitic nematode PDE inhibitor 1n an amount that 1s
ellective to reduce one or more activities of the phytopara-
sitic nematode. In some embodiments of the invention,

contacting a phytoparasitic nematode with a PDE inhibitor

reduces the level of one or more activities of the phytopara-
sitic nematode by at least 10%, 15%, 20%, 25%, 30%, 35%.,
40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%,
90%, 95%, or 100% compared to a control level of activity
in a phytoparasitic nematode not contacted with the PDE
inhibitor. In certain embodiments, the level of one or more
activities of the phytoparasitic nematode 1s reduced by at
least 20%, 30%, 40%, or 50% compared to a control level
of activity 1n a phytoparasitic nematode not contacted with
the PDE 1nhibaitor.

In some embodiments of the invention, a treatment
method 1includes contacting a phytoparasitic nematode,
under conditions suitable for PDE inhibition, with a phy-
toparasitic nematode PDE inhibitor compound that has little
or no negative effect of a biological function of a vertebrate
or non-phytoparasitic organism with which 1t contacts. Thus,
in some embodiments of the mmvention a phytoparasitic
nematode PDE inhibitor has little or no toxicity when
contacted with a vertebrate organism or non-phytoparasitic
nematode in the course of its use 1n treating a phytoparasitic
nematode nfection or contamination. One of ordinary skall
will recognize that conditions suitable for PDE inhibition in
a sample, are conditions under which PDE activity can occur
and/or 1s occurring. For example, though not intended to be
limiting, a sample may be one mm which PDE activity 1s
occurring or 1s induced to occur. Thus PDE activity can be
detected 1n a sample not contacted with a PDE inhibitor, and
it can be determined whether contacting the sample with a
PDE inhibitor compound reduces PDE activity. Conditions
suitable for PDE 1nhibition may be physiological conditions
normal for the orgamism whose PDE activity 1s being
investigated. It will be understood that PDE inhibition may
be determined or measured using art-known methods,
including detection of the enzyme’s activity, determination
of a downstream eflect of the enzyme’s activity, etc. In some
embodiments, suitable conditions may include use of (for
example, contact with) equivalent inhibitor concentrations
for the phytoparasitic nematode PDE inhibitor compound,
the vertebrate PDE inhibitor compound, and/or the non-
phytoparasitic nematode 1nhibitor compound.

In some embodiments of the invention, a test compound
can be contacted with a sample under conditions suitable for
PDE activity 1n the sample, and 1f the PDE activity in the
sample 1s reduced or mhibited compared to a similar sample
not contacted with the test compound, i1t indicates the test
compound 1s a candidate PDE inhibitor compound. As used
herein the term “suitable for PDE activity” means conditions
under which a PDE functions. For example, temperature,
assay components, physiological parameters, etc., under
which PDE activity occurs 1n a sample, for example, physi-
ological conditions normal for the organism whose PDE
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activity 1s being mvestigated. Art-known conditions suitable
tor PDE activity may be used 1n assays and methods of the
invention.

In some embodiments of the invention, contacting a
vertebrate or non-phytoparasitic nematode sample (e.g., a
control sample) with a phytoparasitic nematode PDE 1nhibi-
tor under conditions suitable for PDE inhibition in the
vertebrate or non-phytoparasitic nematode sample, respec-
tively, does not result 1n a significant level of PDE inhibition
in the vertebrate or non-phytoparasitic nematode sample. As
used herein, the phrase “does not result in a significant level”
used 1n relation to the effects of a PDE inhibitor means that
although contact with the PDE inhibitor may result in some
PDE inhibition, the level of inhibition does not result in
statistically significant toxicity or negative effect on a bio-
logical function of the vertebrate or non-phytoparasitic
nematode sample.

In certain embodiments, contacting a vertebrate sample
(e.g., a control sample) w1th a phytoparasitic nematode PDE
inhibitor under conditions suitable for PDE mhibition 1n the
vertebrate sample does not result 1n a statistically significant
negative eflect on a biological function of the vertebrate
sample.

In some embodiments of the invention, contacting a
vertebrate sample (e.g., a control sample) with a phytopara-
sitic nematode PDE inhibitor compound under conditions
suitable for PDE inhibition 1n the vertebrate sample does not
result 1n a significant level of PDE inhibition 1n the verte-
brate sample. The level of PDE inhibition in the vertebrate
sample may be zero or for example, less than 20% or 30%
inhibition of the level of PDE activity in the vertebrate
sample not contacted with the phytoparasitic nematode PDE
inhibitor compound. Similarly, contact of a vertebrate
sample does not result in significant toxicity or negative
ellect on a biological function of the vertebrate cell, tissue
or orgamism of the sample. Art-known tests for toxicity
and/or biological functions can be used to assess the eflects
of PDE inhibitor compounds of the invention.

In certain embodiments of the invention, a phytoparasitic
nematode PDE inhibitor 1s a PDE inhibitor compound that
1s more ellective at inhibiting a phytoparasitic nematode
PDE than at inhibiting a vertebrate ortholog PDE. Thus,
under suitable conditions for PDE 1inhibition, a phytopara-
sitic nematode PDE inhibitor may have a higher level of
inhibitory activity against the phytoparasitic nematode PDE
than against the vertebrate PDE ortholog. In some embodi-
ments of the invention, contacting a vertebrate PDE ortholog,
with a phytoparasitic nematode PDE ihibitor under suitable
conditions for PDE inhibition, results 1n a level of inhibition
of the vertebrate PDE ortholog that 1s zero, and/or less than
20%., 30%, 40%, or 50%, of the level of inhibition of the
phytoparasitic nematode PDE contacted by the selective
phytoparasitic nematode PDE inhibitor under suitable con-
ditions (which may in some embodiments, include equiva-
lent inhibitor concentrations) for PDE 1nhibition.

In certain embodiments, contacting a non-phytoparasitic
nematode sample (e.g., a control sample) with a phytopara-
sitic nematode PDE inhibitor under conditions suitable for
PDE 1nhibition 1n the non-phytoparasitic nematode sample
does not result 1n a statistically significant toxicity or nega-
tive eflect on a biological function of the non-phytoparasitic
nematode sample. In some embodiments of the mvention,
contacting a non-phytoparasitic nematode sample (e.g., a
control sample) with a phytoparasitic nematode PDE 1nhibi-
tor compound under conditions suitable for PDE inhibition
in the non-phytoparasitic nematode sample does not result 1n

a significant level of PDE inhibition 1n the non-phytopara-
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sitic nematode sample. The level of PDE ihibition 1n the
vertebrate sample may be zero and/or may be less than for
example, 20% or 30% of the inhibition of the level of PDE
activity 1n the non-phytoparasitic nematode sample not
contacted with the phytoparasitic nematode PDE 1nhibitor
compound. Similarly, contact of a non-phytoparasitic nema-
tode sample does not result 1n significant toxicity or negative
cllect on a biological function of the non-phytoparasitic
nematode cell, tissue or organism of the sample. Art-known
tests for toxicity and/or biological functions can be used to
assess the effects of PDE inhibitor compounds of the inven-
tion.

In certain embodiments of the mnvention, a phytoparasitic
nematode PDE mhibitor 1s a PDE inhibitor compound that
1s more eil

ective at mnhibiting a phytoparasitic nematode
PDE than inhibiting a non-phytoparasitic nematode ortholog
PDE. Thus, under suitable conditions for PDE inhibition, a
phytoparasitic nematode PDE inhibitor may have a higher
level of mhibitory activity against the phytoparasitic nema-
tode PDE than against the non-phytoparasitic nematode
PDE ortholog. In some embodiments of the invention,
contacting a non-phytoparasitic nematode PDE ortholog
with a phytoparasitic nematode PDE inhibitor under suitable
conditions for PDE inhibition, results in a level of inhibition

of the non-phytoparasitic nematode PDE ortholog that 1s up
to zero, and/or less than 20%, 30%, 40%, 50%, 60%, 70%,

80%, 90%, 99%, or 100% of the level of inhibition of the
phytoparasitic nematode PDE contacted by the selective
phytoparasitic nematode PDE inhibitor under suitable con-
ditions (which may 1n some embodiments, include equiva-
lent 1inhibitor concentrations) for PDE inhibition. In some
embodiments of methods of the ivention, the non-phy-
toparasitic nematode 1s C. elegans.

Samples and Controls

As used herein with reference to testing and assays, a
“sample” may comprise one or more eggs, cells, cell com-
ponents, disrupted cells, tissues, or organisms. In some
embodiments, a sample may comprises one or more phy-
toparasitic nematodes; one or more phytoparasitic nematode
cells; a phytoparasitic nematode tissue; one or more non-
phytoparasitic nematodes; one or more non-phytoparasitic
nematode cells; a non-phytoparasitic nematode tissue; one
or more vertebrate cells; a vertebrate tissue or organism; one
or more plant cells; a plant tissue or entire plant, including
but not limited to a stem, leat, root, etc. A sample may be an
in vitro sample or an 1n vivo sample. Eggs, cells, tissues,
organisms may be in culture and may be 1solated from their
site of origin.

There are varied life stages of phytoparasitic nematodes.
In some embodiments of the invention, the stage of a
phytoparasitic nematode 1s 1n an egg or embryonic stage. In
certain embodiments of the mvention, the stage of a phy-
toparasitic nematode 1s a more mature stage. Some 1nfec-
tions or contaminations by phytoparasitic nematodes that
can be treated using methods and compounds of the inven-
tion may be characterized by the presence of phytoparasitic
nematodes 1n an egg or embryonic stage and some may be
characterized by the presence of phytoparasitic nematodes 1n
a juvenile or adult stage.

A level or presence of a phytoparasitic nematode infec-
tion, or the level or presence of contamination of a substrate
by a phytoparasitic nematode can be determined and com-
pared to control values to assess eflicacy of a treatment of the
invention. For example, the level, amount, or activity of a
phytoparasitic nematode found 1n cells, tissues, plants that
do not have a phytoparasitic nematode nfection can be
compared to the levels, amounts, or activity 1n a treated cell,
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tissue, or plant to determine eflicacy of a compound and
treatment of the imnvention. Similarly, control values such as
a level or activity of phytoparasitic nematode on a substrate,
or the infectivity of a contaminated substrate can be com-
pared with levels and infectivity following treatment with a
compound of the mnvention as a measure of the effectiveness
of the compound and/or treatment.

In some aspects of the invention, a control value may be
a PDE activity value or level determined in a phytoparasitic
nematode sample under conditions suitable for PDE activity
when the PDE 1s not contacted with a PDE inhibitor test
compound. Comparing results of such a control with a level
of PDE activity determined in a phytoparasitic nematode
sample under the same conditions but included contact with
the test compound, permits determination of whether or not
the test compound has an eflect on PDE activity.

In some aspects of the mvention a control sample may be
a non-phytoparasitic nematode sample, and may be used to
compare the eflect of a PDE 1inhibitor test compound on
activity of a phytoparasitic nematode PDE with the effect of
the PDE inhibitor test compound on activity of a non-
phytoparasitic nematode PDE. Thus, in some embodiments
of the invention, a control sample may be a non-phytopara-
sitic nematode sample, and include for example, a non-
phytoparasitic nematode cell, tissue or organism that 1s
contacted with a PDE inhibitor candidate compound under
suitable conditions for PDE activity to occur in the non-
phytoparasitic nematode sample. The level of PDE activity,
which may be used to determine a level of PDE inhibition
by the compound can be compared to the level of PDE
activity 1n a phytoparasitic nematode test sample that is
contacted with the PDE inhibitor candidate compound under
suitable conditions for PDE activity. In some embodiments
of the invention, a reduction 1 PDE activity in the phy-
toparasitic nematode test sample relative to the non-phy-
toparasitic nematode control sample indicates that the PDE
inhibitor compound 1s more effective at inhibiting the phy-
toparasitic nematode PDE than at inhibiting the non-phy-
toparasitic nematode PDE. Such a result identifies the PDE
inhibitor test compound as selective for, (for example, more
cllective at inhibiting) the phytoparasitic nematode PDE
compared to i1ts elflectiveness at inhibiting the non-phy-
toparasitic nematode PDE. A PDE inhibitor that more etlec-
tively inhibits a phytoparasitic nematode PDE than a non-
phytoparasitic nematode PDE may be considered to be
selective for disrupting cyclic nucleotide metabolism 1n the
phytoparasitic nematode compared to the vertebrate. In
some embodiments, the non-phytoparasitic nematode PDE
1s an ortholog of the phytoparasitic nematode PDE.

In some aspects of the mvention a control sample may be
a vertebrate sample, and may be used to compare the effect
of a PDE inhibitor test compound on activity of a phytopara-
sitic nematode PDE with the efect of the PDE inhibitor test
compound on activity of a vertebrate PDE. Thus, 1n some
embodiments, a control sample may be a vertebrate sample,
and 1nclude for example, a vertebrate cell, tissue, or organ-
ism that 1s contacted with a PDE inhibitor candidate com-
pound under suitable conditions for PDE activity to occur in
the vertebrate sample. The level of PDE activity, which may
be used to determine a level of PDE inhibition by the
compound, can be compared to the level of PDE activity 1n
a phytoparasitic nematode test sample that 1s contacted with
the PDE inhibitor candidate compound under suitable con-
ditions for PDE activity. In some embodiments of the
invention, a reduction i PDE activity in the phytoparasitic
nematode test sample relative to the vertebrate control
sample indicates that the PDE inhibitor compound 1s more
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cllective at inhibiting the phytoparasitic nematode PDE than
at inhibiting the vertebrate PDE. Such a result identifies the
PDE inhibitor test compound as selective for, (for example,
more ell

ective at inhibiting) the phytoparasitic nematode
PDE compared to its eflectiveness at inhibiting the verte-
brate PDE. A PDE inhibitor that more eflectively inhibits a
phytoparasitic nematode PDE than a vertebrate PDE may be
considered to be selective for disrupting cyclic nucleotide
metabolism 1n the phytoparasitic nematode compared to the
vertebrate. In some embodiments, the vertebrate PDE 1s an
ortholog of the phytoparasitic nematode PDE.

A control value may be a predetermined value, which can
take a variety of forms. It can be a single cut-ofl value, such
as a median or mean. It can be established based upon
comparative groups, such as in groups not having a phy-
toparasitic nematode infection or phytoparasitic nematode
contamination and groups having a phytoparasitic nematode
infection or phytoparasitic nematode contamination.
Another example of comparative groups may be groups
having one or more symptoms of, or a diagnosis of, a
phytoparasitic nematode mifection, and groups without hav-
ing one or more symptoms of or a diagnosis of the phy-
toparasitic nematode infection. Another comparative group
may be a plurality of plants with a history of a phytoparasitic
nematode infection and a group without such a history. A
predetermined value can be arranged, for example, where a
tested population 1s divided equally (or unequally) into
groups, such as a low-risk group, a medium-risk group and
a high-risk group or into quadrants or quintiles, the lowest
quadrant or quintile being plants or plurality of plants with
the lowest risk (for example of a phytoparasitic nematode
infection) and the lowest level of phytoparasitic nematode,
or phytoparasitic nematode activity and the highest quadrant
or quintile being plants or plurality of plants with the highest
risk (for example ol a phytoparasitic nematode infection)
and highest levels of phytoparasitic nematodes or phytopara-
sitic nematode activity.

The predetermined value, of course, will depend upon the
particular population selected. For example, an apparently
healthy population of plants will have a different “normal”
range than will a population of plants that 1s known to have
a phytoparasitic nematode infection or presence. Accord-
ingly, the predetermined value selected may take into
account the category 1n which an individual plant, plurality
of plants, or cells fall. Appropriate ranges and categories can
be selected with no more than routine experimentation by
those of ordinary skill in the art. As used herein, “abnormal”
means significantly diflerent as compared to a normal con-
trol. By abnormally high levels of a phytoparasitic nematode
(which may indicate a phytoparasitic nematode infection
and/or a phytoparasitic nematode contamination) 1t 1s meant
high relative to a selected control, and may include a
statistically significant increase in a phytoparasitic nematode
level. In some embodiments, a statistically significant
increase may be an activity increase of at least up to 5%,
10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%,
150%, 200%, or more, 1n a plant, plurality of plants, cell,
tissue, or substrate as compared to the level in a normal
control. It will be understood that a control may have zero
phytoparasitic nematodes and that any level higher than such
a control may indicate the presence of a phytoparasitic
nematode infection or contamination as compared to that
control.

Treatment with a compound of the invention, may result
in a reduction in the level or activity of a phytoparasitic
nematode compared to an abnormal control (e.g., a level that
indicates infection or contamination) and include a statisti-
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cally significant decrease 1n activity. In some embodiments,
a statistically significant decrease may be an activity

decrease of at least up to 5%, 10%, 20%, 30%, 40%, 50%.,
60%, 70%, 80%, 90%, or 100% 1n a plant, plurality of
plants, cell, tissue, or substrate as compared to the level in
a normal control, and may be a decrease of up to 5%, 10%,
20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100% of the
level or activity of a phytoparasitic nematode 1n a plant,
plurality of plants, cell, tissue, or surface as compared to the
level 1n the abnormal control. Typically, a normal control
will be based on apparently healthy normal plants or plu-
ralities of plants 1n an appropriate developmental stage or
apparently healthy cells and tissues; and an abnormal control
will be based on plants or plurality of plants that have a
phytoparasitic nematode infection and/or substrates known
to be contaminated with the phytoparasitic nematode.

In some aspects of the invention, levels of a phytoparasitic
nematode and/or of an activity of a phytoparasitic nematode
may be determined for a plant or plurality of plants may
serve as confrol values for later determinations of the
phytoparasitic nematode in that same plant or plurality of
plants, thus permitting assessment of changes from a “base-
line” phytoparasitic nematode infection 1n a plant or across
a plurality of plants. Thus, an nitial level of phytoparasitic
nematode and/or a phytoparasitic nematode activity may be
determined 1n a plant or plurality of plants on/in a substrate
and methods and compounds of the imnvention may be used
to decrease the level of the phytoparasitic nematode and/or
phytoparasitic nematode activity in the plant or plurality of
plants or in/on the substrate, with the 1initial level serving as
a control level for that subject or substrate, respectively.
Using methods and compounds of the invention, the level of
a phytoparasitic nematode and/or an activity of a phytopara-

sitic nematode 1n the plant or plurality of plants or on the
substrate may be decreased by up to 5%, 10%, 20%, 30%,

40%, 50%, 60%, 70%, 80%, 90%, 95%, or 100%, compared
to the imtial level, by administering a treatment for the
phytoparasitic nematode infection to the plant or plurality of
plants or in/on the substrate, respectively.

It will be understood that controls according to the
invention may be, in addition to predetermined values,
samples of materials tested in parallel with the experimental
matenals. Examples include samples from control popula-
tions or control samples generated through manufacture to
be tested 1n parallel with the experimental samples.
Treatment of Plants

In some aspects of the invention treatment of a phytopara-
sitic nematode infection may be performed with methods
that include contacting a plant with a PDE-1inhibitor com-
pound and in certain embodiments, treatment ol a phy-
toparasitic nematode infection may be performed with meth-
ods that include contacting the environment of a plant with
a PDE-inhibitor compound and having the phytoparasitic
nematode infection treated in the environment. In some
embodiments, the environment of a plant shall be under-
stood to 1nclude the growth medium of the plant, which may
include, but 1s not limited to soil, water, fertilizer, manure,
peat, loam, vermiculite, an agricultural medium, an aqueous
growth medium, or a planting medium.

A phytoparasitic nematode infection 1 a plant may be
characterized by the presence of one or more phytoparasitic
nematodes 1n or on the plant. As used herein, a plant shall
mean a plant that 1s susceptible to infection by a phytopara-
sitic nematode 1including but not limited to agricultural crop
plants. Examples of plants susceptible to infection by a
phytoparasitic nematode may include, but are not limited to:
fruit-bearing plants, trees, grasses, monocots, dicots, veg-
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ctable plants, and non-fruit bearing plants. Examples of
plants that are susceptible to phytoparasitic nematode infec-
tion and may be treated with methods and compounds of the
invention include, but are not limited to: capsicum, chil,
radishes, bananas, grapes, passioniruit, pineapples, pawpaw,
cotton, albezia, alder, azalea, boxwood, cactus, catalpa,
cedar, euonymus, fir, ginkgo, hibiscus, 2ydrangea, juniper,
larch, lilac, mulberry, oak, palm, pine, pittosporum, poin-
settia, rose, spruce, tamarisk, grape, blackberry/raspberry,
strawberry, almond, apple, apricot, avocado, cherry, citrus,
olive, peach/nectarine, pear, plum/prune, walnut, beans,
beets, carrots, celery, cole crops, corn (maize), cucumbers,
cggplant, garlic, lettuce, melons, onions, peas, peppers,
potatoes (Irish), potatoes (sweet), radish, spinach, squash,
soybeans, tomatoes, turnips, and pumpkins.

Thus, the mvention can be used to treat phytoparasitic
nematode infections of numerous plant varieties. For
instance, methods and compositions of the invention can be
used 1n professional agricultural applications as well as in
amateur gardening applications. In some embodiments of
the invention, the term “subject” refers to 1s a plant. In some
embodiments of the invention, a plant treated with a method
of the invention does not have a condition, infection, or
contamination that would otherwise be treated by the com-
pound of the invention that 1s administered to the plant to
treat the phytoparasitic nematode infection. In certain
embodiments of the invention, a subject does not have an
infestation or infection by an insect, including but not
limited to an infestation and/or ifection by a moth, grass-
hopper, meal worm, eftc.

Non-limiting examples of subjects to which the present
methods and compounds of the invention can be applied are
plants that are known to have, suspected of having, or at risk
of having, a phytoparasitic nematode infection. Methods of
the mvention may be applied to a plant that at the time of
treatment, has been confirmed to have a phytoparasitic
nematode infection, or a plant that 1s considered to be at risk
for having or developing a phytoparasitic nematode infec-
tion. Identification of a phytoparasitic nematode infection in
a plant may be done using art-known assays and/or through
observations of plant health and wvitality. For examples,
samples may be obtained from a plant or plurality of plants
and assessed for the presence of one or more phytoparasitic
nematodes. In some embodiments a sample 1s tested for the
presence ol an embryonic-stage nematode, (e.g., egg stage),
a juvenile-stage nematode, or an adult-stage nematode. The
presence of one or more ol the life-cycle stages of a
phytoparasitic nematode 1 or on a plant may indicate
infection of the plant. The presence of one or more of the
life-cycle stages of a phytoparasitic nematode 1n the imme-
diate environment of a plant, for example the soi1l 1n which
the plant 1s grown, or a neighboring plant, may indicate a
risk of infection of the plant.

In some aspects of the mvention, a plant that has phy-
toparasitic nematode infection may be a plant that displays
suilicient symptoms of the infection to be considered suit-
able for treatment with a compound of the mnvention, or may
be a plant that has been 1dentified and confirmed to have the
infection. Examples of symptoms that may indicate a phy-
toparasitic nematode infection are known by those of skill in
the art, and may include, but are not limited to loss of leaf
matter, yvellowing, presence of root galls, leaf wilting, stem
wilting, nutritional deficits, stunted growth, plant death, etc.

In some aspects of the invention, a plant i1s at risk of
having or developing a phytoparasitic nematode infection. A
plant at risk of developing a phytoparasitic nematode 1s one
that has an increased probability of developing the phy-
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toparasitic nematode infection, compared to a control risk of
developing the phytoparasitic nematode infection. In some
embodiments of the imvention, a level of risk may be
statistically significant compared to a control level of risk. A
plant at risk may, for instance, be a plant 1n a geographic
location known to put plants at risk of phytoparasitic nema-
tode infection; a plant 1n proximity of other plants known to
have a phytoparasitic nematode infection; a seed or seedling,
ol a plant that may have been exposed to a phytoparasitic
nematode infection at a pre-planting stage, and/or a plant
that has previously been treated for the phytoparasitic nema-
tode infection and that may be considered to be at risk for
recurrence or a chronic phytoparasitic nematode infection.

In some embodiments of the invention, a treatment of a
plant 1s a prophylactic treatment and in certain embodi-
ments, a plant 1s selected for treatment with a compound of
the invention at least 1n part on the basis that the plant has
been, or may have been exposed to a phytoparasitic nema-
tode infection. In some embodiments of the invention, the
plant that 1s treated using a compound of the invention has
been diagnosed with a phytoparasitic nematode infection.

As used herein a cell, tissue or plant or portion of a plant
that may be contacted and treated with a method or com-
pound of the invention may be at a developmental stage
including, but not limited to: an un-germinated seed, a
germinated seed, a plantlet, a seedling, an adult plant, or a
portion of a plant such as a fruit, vegetable, leaf, stem,
flower, root, root hair, etc.

Some embodiments of the invention 1include methods of
administering a PDE inhibitor compound to a plant or
portion of a plant 1n an amount effective to inhibit one or
more phytoparasitic nematode activities in the plant as a
treatment for the phytoparasitic nematode infection of the
plant and or phytoparasitic nematode contamination of the
substrate.

Treating Environment of Plant

In addition to the use of compounds and methods of the
invention to treat phytoparasitic nematode infections in
plants, compounds and methods of the mvention may be
used to treat (e.g., decontaminate) the environment of a
plant, or other substrate that may include one or more
phytoparasitic nematodes. As used herein, the “environ-
ment” of a plant means substrates that are in physical
association with the plant, 1n contact with the plant, 1n
reasonable proximity to the plant, etc. Thus, methods to
reduce or eliminate phytoparasitic nematode contamination
in a substrate are also useful to reduce or eliminate phy-
toparasitic nematode contamination in the environment of a
plant. It 1s understood that phytoparasitic nematode eggs or
other life-cycle stages may be found an environment of a
plant, such as 1n growth medium, soil, or another substrate.
Compounds and methods of the invention may be used to
decontaminate substrates that include a phytoparasitic
nematode. Examples of substrates that may be treated with
a compound and/or method of the mvention to reduce or
climinated phytoparasitic nematode contamination may
include, but are not limited to: plant growth medium, plant
storage or transport media, soil, water, fertilizer, manure,
peat, loam, mulch, vermiculite, agricultural media, aqueous
growth media, planting media, rooting media, plant pot,
plant container, tools, agricultural equipment, gardenming
equipment, etc.

Application/Administration to Plants and Plant Environment

A variety of routes are available to administer a PDE
inhibitor compound of the invention to a plant and/or to the
environment of the plant. The particular delivery mode
selected will depend, of course, upon the stage of the plant,
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the plant location, the phytoparasitic nematode infection
being treated, and the dosage required for ethicacy at reduc-
ing one or more PDE activities in the plant. In some
embodiments of the invention, a PDE inhibitor compound of
the invention 1s administered to a plant by contacting a plant
surface with the PDE inhibitor compound. Means of appli-
cation or administration of nematicides are well known 1n
the art, and may include contacting the plant with the PDE
inhibitor compound by spraying, dipping, dusting at least a
portion of the plant with a composition that includes the
PDE inhibitor compound. Additional means of application
or administration may include providing a solution, such as
an aqueous solution, that comprises one or more phytopara-
sitic nematode PDE inhibitor compounds. The aqueous
solution can be taken up via a plant leat, root, etc. and thus
used to deliver the phytoparasitic nematode PDE 1nhibitor
compound 1nto the plant where 1t contacts a phytoparasitic
nematode and reduces one or more activities of the phy-
toparasitic nematode. Another example of a means of deliv-
ering a phytoparasitic nematode PDE inhibitor compound

into a plant may include placing a phytoparasitic nematode
PDE inhibiting compound within a slow release matrix and
administered by placement of the matrix in reasonable
proximity to the plant to permit the phytoparasitic nematode
PDE inhibitor compound to be taken up by the plant 1in an
amount effective to reduce one or more activities of a
phytoparasitic nematode in or on the plant. In some embodi-
ments of the invention, administration of a phytoparasitic
nematode PDE inhibitor 1s a prophylactic administration.
Decontamination Treatments for Substrates

As described elsewhere herein, methods of the invention
may 1include contacting a substrate with a phytoparasitic
= 1nhibitor compound of the ivention to

nematode PDE
decrease or eliminate the contamination by the phytopara-
sitic nematode. Thus, 1n some embodiments, methods of the
invention include decontaminating a substrate that has phy-
toparasitic nematode contamination or i1s at risk of having
phytoparasitic nematode contamination. In some embodi-
ments, the methods include contacting the substrate with an
cllective amount of at least one phytoparasitic nematode
PDE inhibitor compound of the invention. The substrate 1s
contacted with an eflective amount of the phytoparasitic
nematode PDE inhibitor compound to reduce the phytopara-
sitic nematode contamination of or the risk of phytoparasitic
nematode contamination of the substrate. As described
herein, the contamination may be due to the presence of one
or more species ol phytoparasitic nematode.

Reduction 1n the phytoparasitic nematode contamination
of a substrate may include a reduction in the amount or
activity of the phytoparasitic nematode 1 or on the sub-
strate. Such a reduction may result 1n the substrate being less
“infectious” when contacted by a plant. In some embodi-
ments of the mvention the eflicacy of a treatment to decon-
taminate a substrate may be determined by measuring and
assessing the amount of phytoparasitic nematodes 1n or on
the substrate following contact with a PDE inhibiting com-
pound of the invention. In certain embodiments of the
invention the eflicacy of a treatment to decontaminate a
substrate may be determined by measuring and assessing the
infectivity of the substrate when contacted by a plant after
treatment of the substrate compared to infectivity of an
untreated substrate (e.g., a control, untreated substrate). Less
infections may mean less likely to be infect a plant, which
may be up to 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%,
or 100% less likely to be infected than i1f contacted by an
untreated substrate.
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The term “‘substrate” as used 1n reference to compounds
and treatments of the invention, includes any type of mate-
rial that may be contaminated by a phytoparasitic nematode.
In some embodiments of the invention, a substrate 1s a plant
growth medium, plant storage or transport media, soil,
water, fertilizer, manure, peat, loam, mulch, vermiculite,
agricultural media, aqueous growth media, planting media,
rooting media, plant pot, plant container, tools, agricultural
equipment, gardening equipment, etc.

A contaminated substrate that can be decontaminated
using a method and/or compound of the invention may have
one or more phytoparasitic nematodes 1n or on the substrate.
A phytoparasitic nematode that contaminates a substrate
may be a nematode egg, e.g., an embryonic-stage nematode;
or may be a juvenile-stage nematode or an adult-stage
nematode. In certain embodiments of the imnvention a con-
taminated substrate includes contamination by more than
one stage of phytoparasitic nematodes.
Application/Administration to Substrates

A PDE inhibitor compound of the invention may be
contacted with a substrate using any suitable means. In some
embodiments of treatment methods of the invention the
contaminated substrate 1s contacted with an aqueous com-
position comprising the compound of the mmvention. The
aqueous composition may also include a colorant, scent,
carrier, or other component that 1s suitable for delivery of a
compound of the mvention to a potentially contaminated
substrate. A compound of the invention can be delivered to
a substrate via any suitable process, including, but not
limited to, spraying, or wiping, coating, dusting, sprinkling,
etc., the substrate with a mixture or solution that contains the
phytoparasitic nematodes PDE inhibitor compound of the
invention. Additional means of contacting a substrate with a
PDE 1inhibitor compound of the invention may include
dipping, immersion, etc. of the substrate into a solution that
contains the compound. In addition, some substrates such as
dirt, vermiculite, manure, soil, potting medium, water, etc.
may have a PDE ihibitor compound of the invention added
to the substrate directly, by pouring, mixing etc. of a dry
mixture or wet solution that contains the PDE inhibitor
compound 1nto the substrate. In some embodiments of the
invention, a compound of the mvention 1s part of a compo-
sition that 1s contacted with a substrate to treat a phytopara-
sitic nematodes 1infection. In some embodiments of the
invention such a composition may be non-sterile and 1n
certain embodiments of the mvention the composition may
be sterile.

Phytoparasitic Nematode PDE Inhibitor Compounds

Compounds of the invention may be administered to a
cell, tissue, or plant 1n the form of a nematicide. A nemati-
cide of the invention may be manufactured for the treatment
of a phytoparasitic nematode infection. As used herein the
terms “nematicide agent” and “anti-phytoparasitic-nema-
tode agent” may be used interchangeably, and refer to a
compound that 1s when contacted with a cell, plant, nema-
tode, or substrate acts to reduce an infection or reduce
contamination by a phytoparasitic nematode. Thus, com-
pounds of the mvention useful to treat a phytoparasitic
nematode infection or contamination may be referred to as
nematicide agents or anti-phytoparasitic nematode agents.
Additional compounds that are anti-phytoparasitic nematode
agents or phytoparasitic nematicide agents are known 1n the
art and include, but are not limited to pesticide fumigant or
a compound that stimulates synthesis of cyclic nucleotides.

Compounds of the invention may be administered singly
or in combination with one or more additional compounds or
agents. In some embodiments, a compound of the invention
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may act 1 a synergistic manner with one or more other
anti-phytoparasitic nematode agents or treatments and
increase the eflectiveness of the one or more anti-phytopara-
sitic nematode agents or activities. Thus, for example,
administration or application of a phytoparasitic nematode
PDE inhibitor compound that reduces one or more phy-
toparasitic nematode activities such as, but not limited to
replication, viability, infectivity, etc., may be administered
or applied to a plant or substrate with another compound that
treats the phytoparasitic nematode infection, for example, a
pesticide fumigant or a compound that stimulates synthesis
of cyclic nucleotides. A phytoparasitic nematode PDE
inhibitor compound of the invention may act synergistically
to increase the effectiveness of one or more additional agents
or treatments that can be administered to treat a phytopara-
sitic nematode 1nfection or contamination. In some embodi-
ments of the imvention, a phytoparasitic nematode nemati-
cide agent may be a previously known anti-phytoparasitic
nematode agent such as a pesticide fumigant or a compound
that stimulates synthesis of cyclic nucleotides. Phytopara-
sitic nematode PDE 1nhibitor compounds of the invention
may be applied or administered to a plant or substrate in
combination with other anti-phytoparasitic nematode agents
such as other PDE inhibitor compounds of the invention,
pesticide fumigants, a compound that stimulates synthesis of
cyclic nucleotides, etc.

Phytoparasitic nematode PDE inhibitor compounds of the
invention can be used alone or 1n conjugates or compositions
with other molecules such as targeting agents and/or label-
ing agents in treatment methods of the mvention. Targeting
agents usetul according to the methods of the invention are
those that direct a compound of the mvention to a specific
cell type or tissue type for treatment. A targeting compound
of choice will depend upon the nature of the stage of the
phytoparasitic nematode infection or contamination. In
some 1nstances 1t may be desirable to target the PDE
inhibitor compound to a plant surface, a root, a leat, etc.; to
aild a compound of the mnvention 1n accessing a plant,
sticking to a plant, crossing into the plant, etc. Those of
ordinary skill in the art will be aware of and able to select
and use suitable targeting agents for use 1n methods of the
invention.

In some aspects of the mvention, a targeting agent 1s an
agent that increases retention of a PDE nhibitor compound
of the invention in or on a substrate, thus increasing the
likelihood that the PDE 1nhibitor will contact a phytopara-
sitic nematode 1n or on the substrate. In some aspects of the
invention, a targeting agent may be an agent that permits
conversion of a PDE inhibitor compound by linkage of the
compound to a peptide to alter solubility of the compound,
for example to help retain the PDE inhibitor compound 1n or
on the plant or substrate, which may increase the likelihood
that the PDE inhibitor will contact a phytoparasitic nema-
tode 1 or on the plant and/or substrate.

Labeling agents may be used in methods of the invention
for 1n vitro and 1n vivo assays, to determine the location of
phytoparasitic nematode PDE inhibitor compounds of the
invention after administration or application, and may be
used to assess the location of the PDE 1nhibitor compounds
that have been administered to a plant, cell, tissue, or
substrate. Procedures for attaching labels to compounds of
the invention, and for and utilizing labeling agents such as
enzymatic labels, dyes, radiolabels, fluorescent labels, etc.
are well known 1n the art.

Treatment methods of the invention that include applica-
tion or administration of a compound of the invention to a
plant or substrate and contact of the PDE inhibitor com-
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pound with a phytoparasitic nematode can be used at any
stages of a phytoparasitic nematode infection in a plant or
substrate including, early-stage, mid-stage, and late-stage of
the phytoparasitic nematode infection including all times
before and after any of these stages. Methods of the inven-
tion may also be used for plants or substrates that have
previously been treated with one or more other nematicide
agents that were not successtul, were minimally successiul,
and/or are no longer successtul at slowing or stopping
progression ol the phytoparasitic nematode infection or
contamination 1n or on the plant or substrate.

Treatment methods of the imnvention that include admin-
istration ol a compound of the invention to a substrate can
be used at any stage of a phytoparasitic nematode infection
and can also be used 1n advance of potential contact with a
phytoparasitic nematode, for example, as a preventive treat-
ment. Methods of the mvention may also be used for
substrates that have been previously treated with one or
more other compounds to treat a phytoparasitic nematode
contamination that were not successiul, were minimally
successiul, and/or are no longer successful at removing,
reducing viability of, reducing infectivity of, the phytopara-
sitic nematodes, and/or slowing or stopping progression of
the phytoparasitic nematode contamination i or on the
substrate.

Effective Amounts for Treatments

Compounds of the invention are administered or applied
into or onto a plant or a substrate, 1n an eflective amount for
treating the phytoparasitic nematode infection or contami-
nation. An “eflective amount for treating a phytoparasitic
nematode nfection™ 1s an amount necessary or suflicient to
realize a desired biologic eflect. For example, an effective
amount ol a PDE inhibitor compound of the invention could
be that amount necessary to (1) slow or halt progression of
the phytoparasitic nematode infection; or (11) reverse one or
more results or eflects of the phytoparasitic nematode 1nfec-
tion. According to some aspects of the invention, an effective
amount 1s that amount of a PDE inhibitor compound of the
invention alone or 1n combination with another nematicide
agent or treatment, which when combined or co-adminis-
tered or administered alone, results 1n a reduction i1n the
phytoparasitic nematode infection, either in the prevention
or the treatment of the phytoparasitic nematode infection.
The biological eflect may be the amelioration and or abso-
lute elimination of eflects resulting from the phytoparasitic
nematode infection. In another embodiment, the biological
cllect 1s the complete abrogation of the phytoparasitic nema-
tode infection or the phytoparasitic nematodes, as evidenced
for example, by an assay or test that indicates the plant
and/or substrate 1s essentially or substantially free of the
phytoparasitic nematodes and/or infection.

Assays and tests to determine the presence of phytopara-
sitic nematode 1nfections are well known 1n the art and may
include analysis of plant samples, root observation, visual
assessment, etc. A non-limiting example of an assay to
determine the presence of a phytoparasitic nematode infec-
tion 1n a plant may include observation of root nodules, plant
health, etc. and/or may include microscopy, staining, detec-
tion phytoparasitic nematodes, etc. The analysis may in
some embodiments include assessment of one or more
samples obtained from a plant or plurality of plants, for
example 1 a field, for the presence, absence, level, or
changes of a level of one or more species of phytoparasitic
nematodes. A sample from a plant or plurality of plants for
diagnostic assay may be a leaf sample, root sample, etc. In
some diagnostic assays or tests a sample from a plant may
be cultured and then tested for the presence, absence, and/or

10

15

20

25

30

35

40

45

50

55

60

65

26

level of a phytoparasitic nematode, or changes 1n the level
over time, €.g., by comparison of subsequent samples with
an 1nitial sample.

Typically an eflective amount of a compound of the
invention to treat a phytoparasitic nematode infection will be
determined 1n agricultural trials (for treating plants/crops),
trials (for treating substrates), establishing an effective dose
for a test population versus a control population in a blind
study, etc. In some embodiments, an eflfective amount will
be that which results in a desired response, e€.g., an amount
that diminishes a phytoparasitic nematode infection or like-
lithood of a phytoparasitic nematode infection 1n a plant or
plurality of plants. An effective amount of a compound of
the invention to treat a substrate may be the amount that
when contacted with the substrate reduces the amount of a
phytoparasitic nematode on or in the substrate. In some
embodiments of the invention, an effective amount of a PDE
inhibitor compound of the invention may be the amount that
when contacted with the substrate reduces the likelihood that
a plant contacting the treated substrate will result 1n the
phytoparasitic nematode infection 1n the plant, as compared
to the likelihood of an infection 1f the plant contacted the
substrate that was not treated with the PDE inhibitor com-
pound of the invention. Similarly, an eflective amount to
treat a phytoparasitic nematode infection 1n a plant may be
the amount that when administered to the plant decreases the
level of one or more phytoparasitic nematode activities 1n
the plant to an amount that that 1s below the amount that
would occur 1n the plant without the administration of the
PDE 1nhibitor compound of the invention. In the case of
treating a phytoparasitic nematode infection the desired
response may be reducing or eliminating one or more effects
or symptoms of the infection 1in a plant. The reduction or
climination may be temporary or may be permanent. The
status of the phytoparasitic nematode infection can be moni-
tored using methods of determining the amount of phy-
toparasitic nematode, viability of the phytoparasitic nema-
tode, infectivity of the phytoparasitic nematode, etc. In some
aspects of the mvention, a desired response to treatment of
the phytoparasitic nematode infection can be delaying the
onset or even preventing the onset of the phytoparasitic
nematode infection.

An eflective amount of a phytoparasitic nematode PDE
inhibiting compound of the invention to treat a phytopara-
sitic nematode mfection (which may also be also referred to
herein as a nematicide agent) may also be determined by
assessing physiological eflects of admimstration on a plant,
such as a decrease of a phytoparasitic nematode infection 1n
a subject or 1n or on a substrate following administration.
Assays suitable to determine eflicacy of a compound of the
invention will be known to those skilled 1n the art and can
be employed for measuring the level of the response to a
treatment and an amount of a phytoparasitic nematode PDE
inhibitor compound administered to or contacted with a
plant, or an amount of a phytoparasitic nematode PDE
inhibitor compound contacted with a substrate, can be
modified based, at least in part, on such measurements.
Assays useful to assess the eflects of application or admin-
istration ol a phytoparasitic nematode PDE inhibitor com-
pound of the invention on a phytoparasitic nematode nfec-
tion 1n a plant or crop are known in the art.

The amount of a treatment may be varied for example 1n
a treatment of a plant or plurality of plants, by increasing or
decreasing the amount of a nematicide composition, by
changing the nematicide composition administered, by
changing the method of application or administration, by
changing the amounts applied or administered, timing of
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application or administration, and so on. The elffective
amount will vary with the particular phytoparasitic nema-
tode infection being treated, the stage and condition of the
plant being treated; the severity of the phytoparasitic nema-
tode infection, the duration of the treatment, the specific
method of application or administration, and additional
factors within the knowledge and expertise of the agricul-
tural professional or home gardener.

The effective amount of a compound of the invention in
the treatment of a phytoparasitic nematode infection, treat-
ment of a phytoparasitic nematode contamination, or in the
reduction of the risk of developing a phytoparasitic nema-
tode infection may vary depending upon the specific com-
pound used, the mode of delivery of the phytoparasitic
nematode PDE inhibiting compound, and whether 1t 1s used
alone or in combination with one or more additional nem-
aticides. The eflective amount for any particular application
can also vary depending on such factors as the specific
phytoparasitic nematode infection or contamination being
treated, the particular phytoparasitic nematode PDE 1nhibi-
tor compound being applied or administered, the size of the
plant, crop, or substrate, or the severity of the phytoparasitic
nematode infection. A skilled artisan can empirically deter-
mine the effective amount of a particular phytoparasitic
nematode PDE inhibitor compound of the invention without
necessitating undue experimentation. Combined with the
teachings provided herein, by choosing among various
active compounds and weighing factors such as potency,
relative bioavailability, substrate size and make up, plant
s1Ze, crop size, severity ol adverse side-eflects and preferred
mode of application or administration, an eflective prophy-
lactic or treatment regimen can be planned that does not
cause substantial toxicity and vyet 1s eflective to treat the
particular plant or substrate.

When treating a plant, a nematicide compound dosage per
plant may be adjusted by an individual agricultural practi-
tioner, particularly in the event of any complication. An
ellective amount typically varies from 0.01 mg/kg to about
1000 mg/kg, from about 0.1 mg/kg to about 200 mg/kg, or
from about 0.2 mg/kg to about 20 mg/kg, in one or more
dose applications daily, for one or more days. The absolute
amount will depend upon a variety of factors including a
concurrent treatment, the number of doses and the individual
plant parameters including size, weather, and growing con-
ditions. These are factors well known to those of ordinary
skill 1n the art and can be addressed with no more than
routine experimentation. In some embodiments, a maximum
dose can be used, that 1s, the highest safe dose according to
sound agricultural judgment.

When treating a substrate, the concentration of a phy-
toparasitic nematode PDE inhibiting compound of the
invention may be applied to the substrate as a component 1n
a composition. The concentration of a compound of the
invention 1 a composition that 1s contact to the substrate
and/or the final concentration of the compound of the
invention 1n or on the substrate can be readily determined.
In some embodiments of the invention, a compound of the
invention may be at a concentration of at least 0.2%, 0.5%,
1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, or more weight per volume 1n
a composition that may be applied to a substrate. In certain
embodiments, 1t may be desirable to have a final concen-
tration 1n or on a substrate 1n a range of from 0.1% to 33%
welght to volume of a compound of the invention, including,
all amounts within the range.

Multiple doses of compounds of the mvention are also
contemplated. In some 1nstances, a compound of the inven-
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tion can be administered or applied at least daily, every other
day, weekly, every other week, monthly, etc. to a plant or
substrate. Doses may be administered once per day, once per
week, every other week, eftc.

Nematicide compounds of the invention to treat plants
and/or substrates may be administered alone, 1n combination

with other nematicide compounds of the invention, and/or in
combination with other nematicide treatments that are
applied to or administered to plants or substrates. Nemati-
cide compositions for use in or on plants and/or for use on
or 1n substrates 1n the foregoing methods may be, but need
not be, sterile and contain an effective amount of a phy-
toparasitic nematode PDE inhibitor compound of the inven-
tion to produce the desired response 1n a unit of weight or
volume suitable for application or administration to a plant
and/or substrate.

The doses of a phytoparasitic nematode PDE inhibitor
composition of the invention to treat a phytoparasitic nema-
tode infection can be chosen 1n accordance with different
parameters, 1 particular in accordance with the mode of
application or administration used and the state of the plant
or substrate. Other factors include the desired period of
treatment. In the event that a response 1n a plant or substrate
1s suilicient at the initial doses applied, higher doses (or
ellectively higher doses by a different, more localized deliv-
ery method or route) may be employed to the extent that
plant and substrate tolerance permaits.

Synergistic Combinations and Treatment Methods

In some embodiments of methods of the invention, a
treatment of a phytoparasitic nematode infection or contami-
nation may include contacting a phytoparasitic nematode
with a first PDE inhibitor compound and also contacting the
phytoparasitic nematode with one or more additional PDE
inhibitor compounds and/or one or more additional anti-
phytoparasitic nematode agents. A first PDE inhibitor and an
additional PDE inhibitor and/or anti-phytoparasitic nema-
tode agent may act synergistically and thus may result 1n a
higher level of PDE inhibition, and a greater reduction in
one or more phytoparasitic nematode activities, when con-
tacted with the phytoparasitic nematode in combination than
when contacted separately. In certain embodiments of the
invention, an additional anti-phytoparasitic agent 1s a pes-
ticide fumigant or a compound that stimulates synthesis of
cyclic nucleotides.

In some aspects of the invention, compositions are pro-
vided that comprise a phytoparasitic nematode phosphodi-
esterase (PDE) mhibitor compound and an additional anti-
phytoparasitic-nematode agent. In such compositions the
PDE inhibitor compound may be a PDE inhibitor compound
that when contacted with a vertebrate control does not result
in a significant negative eflect on a biological function of the
vertebrate control. In some compositions of the invention an
anti-phytoparasitic-nematode agent 1s a pesticide fumigant
or a compound that stimulates synthesis of cyclic nucleo-
tides.

Formulations/Administration

Methods of this invention, generally speaking, may be
practiced using any mode of admimstration that 1s agricul-
turally acceptable. Methods of applying pesticides are well
known i1n the art, and may include determining dosing
parameters, determiming non-phototoxic dosing parameters
(see for example U.S. Pat. No. 8,347,551), application
modes, delivery modes, etc. An application means useful in
methods of the mvention may include any mode that pro-
duces eflective levels of protection without causing phyto-
toxicity or other unacceptable adverse eflects.
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Phytoparasitic nematode PDE inhibitor compounds of the
invention may be administered 1n formulations, which may
be administered in phyto-acceptable solutions, which may
routinely contain phyto-acceptable concentrations of salt,
buflering agents, preservatives, compatible carriers, adju-
vants, and optionally other nematicide or pesticide mgredi-
ents. According to methods of the invention, a phytoparasitic
nematode PDE inhibitor compound may be administered in
a nematicide composition. In general, a nematicide compo-
sition comprises the PDE inhibitor compound of the imnven-
tion and a phyto-acceptable carrier. Phyto-acceptable carri-
ers are well known to the skilled artisan. As used herein, a
phyto-acceptable carrier means a non-phytotoxic material
that does not intertere with the effectiveness of the biological
activity of the active ingredients, e.g., the ability of the
compound of the invention to treat the phytoparasitic nema-
tode 1nfection.

Phyto-acceptable carriers may include diluents, fillers,
salts, buflers, stabilizers, solubilizers and other materials
that are well-known i1n the art. Such preparations may
routinely contain salt, bullering agents, preservatives, com-
patible carriers, and optionally other nematicide and/or
pesticide agents. In certain embodiments of the invention, a
nematicide composition may also include one or more
agents that reduce solubility of the PDE inhibitor compound
in the plant’s environment or 1n a substrate, thereby reducing
or preventing the PDE inhibitor compound from being
washed away, diluted, etc. and increasing availability and of
the PDE inhibitor compound 1n and/or on the plant or
substrate and thereby increasing likelithood and/or amount of
contact with the phytoparasitic nematode PDE.

Nematicide compounds of the mvention may be admin-
istered directly to a plant. In some embodiments, the tissue
to which the compound 1s administered 1s a plant 1n which
the phytoparasitic nematode infection 1s likely to arise.
Compounds may be administered once, or alternatively they
may be administered in a plurality of administrations. If
administered multiple times, the compounds may be admin-
istered via different routes. For example, the first (or the first
few) administrations may be made directly to a plant via
dusting of the plant with a material that includes the phy-
toparasitic nematode PDE inhibitor, while later admainistra-
tions may be via an aqueous application to the plant.

Kits

Also within the scope of the invention are kits that
comprise one or more compositions of the mvention and
instructions for use. A kit of the invention may be referred
to herein as an “article of manufacture” and the terms may
be used interchangeably herein. Kits of the mvention may
include one or more of a compound of the ivention that
may be used to treat a phytoparasitic nematodes infection or
treat a phytoparasitic nematodes contamination. Kits con-
taining compounds of the invention can be prepared for use
in treatment methods for plants and kits containing com-
pounds of the invention can be prepared for use 1n treatment
methods for substrates. Components of kits of the invention
may be packaged either in aqueous medium, 1n lyophilized
form, or dry form. A kit of the mnvention may comprise a
carrier being compartmentalized to receive in close confine-
ment therein one or more container means or series of
container means such as tubes, wvials, flasks, bottles,
syringes, or the like. A first container means or series of
container means may contain one or more PDE inhibitor
compounds of the mvention. A second container means or
series ol container means may contain a targeting label or
linker-label intermediate capable delivering a compound to
a plant or substrate, etc.
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A kit of the invention may also include instructions.
Instructions typically will be 1 wrtten form and will

provide guidance for carrying-out the assay or treatment
embodied by the kit and for making a determination based
upon that treatment.

In some embodiments, a kit of the invention may include
two or more anti-phytoparasitic nematode agents, one or
more of which may be a PDE inhibitor compound of the
invention. In certain embodiments, a kit of the invention
may include a nematicide agent such as a pesticide fumigant
and/or a compound that stimulates synthesis of cyclic
nucleotides and also one or more PDE inhibitor compounds
of the ivention.

The following examples are provided to illustrate specific
instances of the practice of the present invention and are not
intended to limit the scope of the invention. As will be
apparent to one ol ordinary skill in the art, the present
invention will find application 1n a variety of compositions
and methods.

EXAMPLES

Example 1

Basic Local Alignment Search Tool (BLAST) searches
were performed to determine whether putative Class 1, 11,
and III PDEs were present 1n plants. Use of query sequences
from vertebrate and invertebrate Class I PDEs, as well as a
Class II (Vibrio cholera) and a Class III (Dictyostelum
discoidem) PDE catalytic domain sequences, did not 1den-
tify any PDE sequences in the completed genomes of
Arabidopsis thaliana and Oryza sativa. This finding sup-
ports a conclusion that itroduction of PDE inhibitor com-
pounds as nematicides would likely have minimal or no
adverse eflects on agricultural crops that are hosts for
phytoparasitic nematodes.

Phylogenetic Tree for Vertebrate and Nematode PDEs.

Sequences from each vertebrate PDE family along with
nematode PDE sequences from 4 Caenorhabditis species
and from M. hapla were aligned and a tree generated (see
FIG. 2). For simplicity, only human sequences, M. hapla
sequences, and C. elegans sequences are represented in the
figure. A listing of accession numbers for proteins used to
generate the phylogenetic tree for PDE families for PDEI,
PDE?2, PDE3, PDE4, PDE10 (nematode PDE-5) and PDES
(nematode PDE-6) 1s provided 1n FIG. 3. Multiple sequence
alignments were done on the sets of sequences. Vertebrate
species included humans, dogs, cow, rat, mouse, platypus,
opossum, chicken, various fishes, and frog. Invertebrate
sequences 1ncluded the nematodes as well as fruit fly, sea
urchin, and honeybee. If a there was not sutlicient confi-
dence in the quality of the sequence data, certain species
were not included for some of the PDE families. M. hapla
contigs for families 1-6 were 334, 111, 894, 1768, 934,
and 2771 respectively. The data was downloaded
through Nematode.net (see: nematode.net/
NN3_{frontpage.cgi’navbar_selection_home&subnav_
selection=data_{tp).

Results
Identification and Classification of PDE Orthologs in Nema-
todes

Vertebrate genomes contain eleven PDE families (named
PDE]1 through PDE11). To identify and classily invertebrate
PDEs, a multiple sequence alignment (CLUSTALW) was
generated. The alignment 1included the 11 PDE genes from
a phylogenetically diverse set of vertebrate species (fish,
birds, amphibians, and mammals) available at NCBI. A
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vertebrate PDE phylogenetic tree was then generated by
parsimony and neighbor joining methods.

The PDEs present 1 the Caenorhaditis spp. genomes
were categorized with reference to the vertebrate PDE
phylogeny, and 1t was confirmed that C. elegans (and other
species 1n this genus) contains six PDEs orthologous to the
tollowing vertebrate families: PDE1, PDE2, PDE3, PDE4,
PDE10 [referred to as PDE-5 mm Wormbase; (2013) and
PDER [referred to as PDE-6 1n Wormbase (2013). Because

sequence 1mformation for Meloidogyne spp. was not avail-
able 1n curated databases, full-length open reading frames
were assembled for six PDE genes from the M. hapla
genome (accessed through nematode.net) through BLAST
searches with human and C. elegans sequences as queries. It

was found that M. kapla contains the same s1x PDE families
as the Caenorhabditis spp. (FI1G. 2).
In addition to the complete gene sequences for the nema-

todes described above, BLAST searches identified partial

sequence mformation for PDEs 1n many other phytoparasitic
nematodes, including M. incogrita (PDE1, PDE3, PDEA4,
PDES, and PDEI10), M. chitwoodi (PDER), Heterodera
glycines (PDE1, PDE3, PDEA4), and H. schactii (PDE3).

Saturated Evolutionary Trace Analysis Reveals Functionally
Important PDE Inhibitor Binding Sites in Nematode PDEs

After all of the PDEs were classified, each of the six
nematode PDE families was analyzed by saturated evolu-
tionary trace (SET) analysis [see Lichtarge and Sowa
(2002); Carleton et al. (2005); Cahill et al. (2012)]. SET
analysis was used to identily unanimous sites (1dentical
amino acid 1n every vertebrate and invertebrate sequence
analyzed) and class-specific sites (an invariant amino acid 1n
every vertebrate sequence within a PDE family and a
different, invariant amino acid present in every nematode
sequence of the same PDE family). As shown in Table 2,
22-38% of the amino acids in the catalytic domain are
identical (unanimous) 1n all species examined for each of the
s1x PDE families. The high degree of sequence conservation
suggested that the catalytic and pharmacological properties
of nematode PDEs are likely to be similar to the vertebrate
orthologs.

A significant number of residues (class-specific sites)
were 1dentified as evolutionarily conserved within a verte-
brate PDE family or within a nematode PDE family, but
which had a different amino acid at this position when
comparing vertebrates and nematode sequences. These
class-specific sites are particularly important for identifying

differences in inhibitor binding between vertebrate and
nematode PDEs.

TABLE 2

Saturated Evolutionary Trace (SET) analysis
of nematode PDE catalytic domains.

% class-specific

(V= N)

4%
9%
6%
8%
15%
12%

% Unanmmous
(V =N)

Vertebrate PDE
Family

PDEI1
PDE?2
PDE3
PDE4
PDELO
PDER

25%
25%
30%
38%
22%
25%

Note:

In this SE'T analysis of nematode PDE catalytic domains, unamimous sites are sites where
the same amino acid was found in every sequence 1n the multiple sequence alignment.
Class-specific sites are sites where all vertebrate (V) sequences had an mvariant amino acid
at that position, and nematode (N) sequences had a different (but invariant) amino acid at
the same position.
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FIG. 4 shows results of SET analysis that identified unani-
mous sites (identical amino acid 1n every vertebrate and
invertebrate sequence analyzed) and class-specific sites (an
invariant amino acid in every vertebrate sequence within a
PDE family and a different, invariant amino acid present in
every nematode sequence of the same PDE family) for
amino acid residues believed to be involved 1n binding of the
indicated PDE 1nhibitor compound. The groups of identifiers
(e.g. for PDE2 the nematode, vertebrate, and IBMX 1nter-
action sites are listed on the left, residues are shown and
specific differences between residues at these locations are
shown. For example, for PDE3 1t can be seen that Meliod-
ogvne hapla and Caenorhabditis spp. both have the amino
acid “S” position highlighted and under and to the left of the
number “421”. In contrast, vertebrate PDE3 has amino acid
“G” 1n that corresponding position. In another example, 1t
can be seen that Meliodogyne hapla PDE4 has amino acid
“L” 1n the position shown to the left and below the number
“43°7” but Caenorhabditis spp. PDE4 has amino acid “M” 1n
that corresponding position. In FIG. 4, two boxes are shown
that indicate residues that are only 1n Meliodogyne hapla at
that position and are not found 1n the corresponding position
in Caenorhabditis spp. or the drug interaction site between
PDE4-roflumilast or PDE4-rolipram. These boxes are
shown FIG. 4 1n the Meliodogyne hapla PDE3 row, beneath
AA residue number 176 and 1n the Meliodogyne hapla PDE4
row benecath AA residue number 437. A data key was
prepared and shown as FIG. 5. FIG. 5 can be used to identify
the position of each of the listed residues, relative to the
human sequences whose accession numbers 1n the second to
bottom box of each column of FIG. 5. PDB structure file
identification 1s provided in the bottom box of each column
of FIG. 5.

Each residue position set forth in FIG. 4 can be 1dentified
using the information provided 1n FIG. 3. For example, the
first box under PDE2 IBMX column 1n FIG. 5, lists L8809
and the end of the column indicates that the number 1s 1n
reference to the Homo sapiens sequence having Accession
number NP 000408. [.809 1s the location of the first amino
acid “L” listed for PDE2 IBMX interactions 1n FIG. 4, thus,
the “L” listed for nematode PDE 2 and vertebrate PDE2 1n
FIG. 4, are 1n each of their respective sequences at positions
that correspond to the position of residue 809 in accession
number NP_000408. The position of each amino acid listed
in FIG. 4 can be identified using the key provided 1n FIG. 5.
Thus, using alignments of sequences having accession num-
bers 1n FIG. 3, and the key provided 1n FIG. 5, the position
of each amino acid listed 1n FIG. 4 can be determined. FIG.
4 provides examples of locations at which binding difler-
ences may be exploited to select compounds that will
selectively and/or specifically bind to a PDE.

Structural Analysis of Inhibitor Binding to PDE Catalytic
Sites

To evaluate whether PDE inhibitors designed to bind to
human PDEs are likely to bind to nematode PDEs, available
crystal structures of PDEs complexed with inhibitors were
examined. The existing structures reveal which amino acid
residues 1n the enzyme active site stabilize inhibitor binding.
As a representative example, human PDE4 binding to a
PDE4-selective inhibitor, rolipram, can be visualized
|[Burgin et al., (2010)]. Of the nine human PDE4 residues
directly interacting with rolipram, 7 are identical to the

residues present in nematode PDE4. For PDE3 and PDEI10,
3 out of 18 and 1 out of 5 drug 1nteraction sites, respectively,
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have been 1dentified where class-specific differences occur
between vertebrate and nematode PDEs.

Example 2

Preliminary results suggest that observed diflerences
between nematode and vertebrate PDE catalytic domain
amino acid sequences may result i altered sensitivity of
nematode PDEs toward selective PDE inhibitors. The phar-
macological properties of C. elegans and M. hapla PDE
catalytic domains are characterized with a set of family-
selective PDE 1inhibitor compounds. These experiments may
identily family-specific PDE inhibitor compounds useful for
evaluating the physiological consequences of disrupting
cyclic nucleotide metabolism 1n the free-living nematode C.
elegans and the phytoparasitic nematode M. hapla.
Methods to Sub-Clone and Express the Catalytic Domains
of Selected PDEs from C. elegans and M. hapla.

It 1s known that catalytic domains from most vertebrate
PDE families can be expressed as recombinant proteins.
Experiments are performed to express nematode PDE cata-
lytic domains 1n a bacterial expression system in a catalyti-
cally active form. The open reading frames of nematode
PDE catalytic domains are subcloned into bacterial expres-
sion vectors, and the recombinant proteins atlinity purified
for analysis.

The N- and C-terminal boundaries of the catalytic domain
of each PDE family are determined by comparing the human
PDE crystal structure with the protein sequence alignment of
the orthologous nematode PDE. Synthetic catalytic domain
DNA 1s codon-optimized for expression i F. coli, and
cloned into bacterial expression vectors (pET and pGEX
plasmids) containing N-terminal fusion protein tags. Expres-
sion conditions are optimized by varying the concentration
of the inducer (IPTG), E. coli expression strain, temperature,
and/or duration of expression. Hexahistidine-tagged pro-
teins or glutathione-S-transierase (GST)-tagged fusion pro-
teins are purified by aflinity chromatography on Ni1-NTA or
glutathione-coupled beads. All constructs are sequence-
verified prior to use.

Determining the Kinetic and Pharmacological Properties of
Nematode PDE:s.

Results of phylogenetic and structural comparisons of
vertebrate and nematode PDE catalytic domains described
above suggest that nematode PDEs will retain the general
enzymatic properties (e.g., substrate specificity) character-
istic of their vertebrate orthologs but may differ in their
pharmacological sensitivity to certain inhibitor compounds.
Enzymatic assays are conducted to define the substrate
specificity of the nematode enzymes. Dose-response rela-
tionships for family-specific PDE inhibitor compounds are
evaluated to assess the aflinity of these compounds for both
C. elegans and M. hapla PDE family members.

Methods
Construction and Expression of Nematode PDE Catalytic
Domains Enzymatic and Pharmacological Analyses:

Purified PDE catalytic domains are assayed for the rate of
cyclic nucleotide hydrolysis over a range of substrate con-
centrations to determine the Km (substrate preference) and
kcat (turnover number) for each PDE. Radiotracer assays are
used to quantily hydrolytic rates [D’Amours and Cote,
(1999); Cote (2000)]. Dose-response relationships for each
nematode PDE are performed using a set ol commercially
available, family-specific inhibitor compounds (see {for
example, compounds in Table 1). This provides estimates of
the IC50, the mhibition constant (K1), and the selectivity
rat1o (defined as the ratio of the Ki value of a drug for two
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different PDEs) for each inhibitor assayed for each nema-
tode PDE family [Zhang et al., (2005)].

Example 3

Evaluation of the Ability of PDE Inhibitors to Prevent
Hatching of C. elegans Eggs

To assess disruption of activities such as developmental

progression leading to egg hatching in nematodes, C.
elegans eggs are exposed to PDE inhibitors. The nematode
cggs are exposed to a range ol concentrations of family-
specific PDE 1inhibitors, and inhibitors that prevent egg
hatching are identified. Results of the testing with various
PDE inhibitors are shown 1n FIG. 6.
Assays to Determine Eflicacy of PDE Inhibitor Compound
in Disrupting Chemosensation Pathways in Larvae and
Adult Stage Nematodes Such as C. elegans or a Phytopara-
sitic Nematode.

Experiments are performed to identity whether disrupting
cyclic nucleotide signaling pathways involved in locomo-
tion and/or chemotaxis with PDE 1nhibitors results 1n paraly-
s1s, uncoordinated movement, and/or 1nability to respond to
chemical gradients. Using tracking assays, PDE inhibitor
compounds that are effective 1n disrupting chemotaxis i C.
elegans and/or phytoparasitic nematodes were 1dentified.
Methods:

Culturing C. elegans:

Wild-type Bristol N2 C. elegans strain were used for
initial experiments and all nematodes were cultured using
standard methods [Brenner, (1974)]. Adult nematodes were
grown on nematode growth media plates to the gravid stage
where their bodies are filled with eggs and are then treated
with sodium hypochlorite to 1solate the eggs. Isolated eggs
are used immediately 1n assays or cultured without a food
source to obtain dauer larvae. When these dauer nematodes
are given Lischerichia coli OP30 for their food source, they
progress out of the dauer state and into additional stages
until reaching adulthood.

Treatment of Eggs and Dauer State Larvae with PDE
Inhibitors:

Eggs and dauer state larvae were exposed to a series of
concentrations of a PDE inhibitor compound 1n suspension,
following established methods [O’Halloran et al; Lin et al.,
(2013)]. For the case of dauer larvae, the juvemles are
suspended 1n solutions containing PDE inhibitor com-
pounds, and then plated on agar contaiming the same 1nhibi-
tor concentration. In some tests, nematodes (both eggs and
larvae) were constantly exposed to a defined drug concen-
tration throughout the course of the assays.

Quantitation of Egg Hatching:

The number of hatched larvae 1n the treated group was
compared to a control (untreated) group and the results are
evaluated as a function of time up to 3 days after exposure
to the PDE 1inhibaitor.

Chemotaxis Assays:

C. elegans are attracted to anions, cations, alkaline pH and
odorants [ Ward, (1973); Bargmann et al., (1993); L’Etoile et
al., (2002)]. The ability of C. elegans 1.2 larvae to migrate
toward an attractant [either salt (Kano et al., 2008 or pH
(Matsuura et al., 2010)] 1n the presence or absence of PDE
inhibitors 1s tested. The number of unresponsive nematodes
1s counted in order to measure mortality.

Salt gradient: A salt gradient 1s established on agar plates by
initially spotting (20 h prior to testing to allow for diffusion
into the agar) 50 mM NaCl; a mock control spot 1s also
placed at the opposite pole of the plate. After exposure to
inhibitor, 25 dauer state nematodes are placed on the center
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of the salt gradient agar plate and worm movement 1is
assessed every 10 min for 4 hr.

pH gradient: The experimental protocol 1s similar to the salt
gradient, this time using 1 M sodium acetate to generate the
chemical gradient.

Worm motility and directionality toward an attractant point
source 1s quantified using a Nikon AZ100 dissecting micro-
scope equipped with a video camera. Worm movement 1s

quantified using worm tracking soiftware packages currently
available [e.g., Ramot et al., (2008)].

Example 4

Evaluating the Ability of PDE Inhibitors to Prevent Hatch-
ing of M. hapla Eggs.

To assess whether inhibitor compounds specifically tar-
geting 1individual PDE enzyme families will retard or pre-
vent developmental progression from egg to infective juve-
nile phytoparasitic nematodes, M. hapla eggs are exposed to
PDE inhibitors and the ability of eggs to hatch 1s determined
and compared to the hatching ability 1n untreated control
groups.

Determining the Effects on Chemotaxis of M. hapla Juve-
niles Exposed to PDE Inhibitors.

Studies are conducted to assess whether PDEs implicated
in locomotion and chemosensation in C. elegans are targets
for disrupting chemotaxis in the juvenile stage of M. hapla
upon exposure to family-specific PDE inhibitors. Using
time-lapse photography, the movement of J2 juveniles 1s
tracked and the effects of PDE inhibitors on the ability of M.
hapla juveniles to respond to chemical attractants are quan-
tified.

Assessing the Ability of PDE Inhibitors to Prevent M. hapla
Juveniles from Infecting Plant Roots.

Studies are conducted to assess the ability of one or more
PDE inhibitors to reduce the ability of infective M. hapla 12
juveniles to migrate to the plant root and parasitize 1ts host.
Using A. thaliana seedlings as a model system, M. hapla
juveniles are treated with PDE inhibitors and their ability to
migrate to A. thaliana roots and to infect the host 1s
quantified.

Methods
M. hapla Egg Collection:

M. hapla eggs are collected using standard methods [see
for example, (Wang et al., 2009) (Fudali1 et al., 2013).
Briefly, tomato cultivars are infected by M. hapla and
allowed to produce progeny. Eggs are collected and are
concentrated by sucrose flotation, surface sterilized (Nitao et
al., 1999), and then added to an aqueous suspension to
induce hatching.

Treatment of M. hapla Eggs and 12 Juveniles with PD.
Inhibitors:

These methods follow a similar protocol as described for
C. elegans 1n Example 3, except that J2 juveniles are added
to Pluronic F-127 gel (not agar) that has been supplemented
with the same concentration of inhibaitor.

Quantitation of Egg Hatching:

Assays are performed to quantily the effect of treatment
with PDE inhibitors on egg hatching of M. hapla (Nitao et
al., 1999) (Talavera and Mizukubo, 2003). The number of
hatched J2 nematodes 1n the treated group compared to the
control (untreated) group 1s evaluated as a function of time
up to 7 days.

Chemotaxis and Mortality Assay:

Infective J2 juveniles of M. hapla are attracted to low pH
(~5). This attraction 1s employed 1n an in vitro chemotaxis
assay that measures the migration of M. hapla 1n a Pluronic
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F-127 gel 1n response to a pH gradient (Wang et al., 2009).
Using time-lapse photography described in Example 3, the
migration of M. hapla juveniles treated with PDE 1nhibitor
compounds in a pH gradient 1s recorded over a period of 10
h, and compared to control animals not exposed to the PDE
inhibitor. The number of immobile and unresponsive nema-
todes 1s also determined 1n order to quantitate paralysis and
mortality.

Root Attraction Assay:

The ability of infective M. hapla 12 juveniles to migrate
to a plant root 1s mitially evaluated using root tips of
Arabidopsis thaliana and other species (Fudali et al., 2013).
Root Infectivity Assay:

After completion of the root attraction assay, iniected
roots are stained with acid fuchsin to visualize M. hapla
juveniles nside the seedling root (Wang et al., 2009). The
fraction of nematodes that successtully infect plant roots
once 1n the vicinity of the root 1s quantified.

Example 5

The following experiments tested whether compounds
that specifically mhibit different phosphodiesterase (PDE)
enzyme families 1n vertebrate will perturb 1n vivo cyclic
nucleotide metabolism 1n C. elegans and result in an observ-
able behavior/physiological response.

Experiments were performed to examine the time course
ol exposure of worms to seven diflerent PDE inhibitors at
their highest soluble concentration to evaluate the extent to
which the mhibitor compound was eflective 1 reducing
worm motility.

Methods

The ability of these various PDE inhibitors to reduce the
tecundity of C. elegans was also examined. To do this, the
number of newly hatched juveniles under control conditions
was compared to the number of newly hatched juveniles that
had been continuously exposed to PDE inhibitors for the
duration of the experiment. As shown 1n FIG. 6, vinpocetine,
IBMX, and cilostazol were the most eflective 1n preventing
cgg hatching, whereas dipyridamole actually enhanced egg
hatching under the experimental conditions.

Summary

These preliminary data support a conclusion that exposing,
nematodes to selective phosphodiesterase (PDE) inhibitors
will alter intracellular signaling pathways responsible for
nematode motility and reproduction. More specifically,
these results demonstrated the feasibility of studies to evalu-
ate the eflicacy of PDE inhibitors to disrupt the lifecycle of
nematodes 1n vivo and to determine the physiological con-
sequences of exposure of M. hapla to selective PDE 1nhibi-
tors 1 vivo. The results of these studies support the 1dea that
phosphodiesterase (PDE) inhibitors may serve as “next-
generation”” nematicides for the purposes of managing plant
parasitic nematodes.

Example 6

Physiological Effects

Several PDE 1nhibitors specific towards each enzyme
family were tested to determine which compounds are most
cllective 1n reducing nematode motility. It was found that
cilostazol and milrinone (PDE3 inhibitor), rolipram (PDE4
inhibitor), and papaverine and MP10 [PDE10 inhibitor, also
referred to as PF-2545920, (Selleck Chemicals, Houston,
Tex.)] were most effective 1n reducing motility 1n the dauer
state of C. elegans. All these drugs were able to reduce
normal nematode motility by about 70-80%. The nematodes
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became uncoordinated or immotile when exposed to these
drugs. Reversibility studies showed that drug eflects were
reversed after 24 hours (all nematodes recovered). The dauer
state 1s morphologically similar to the infective states in
juvenile phytoparasitic nematodes.
Asynchronous Vs. Dauer Inhibition

Diflerent stages of nematodes were tested for eflective-
ness of PDE inhibitors at reducing motility. Results are
shown 1 FIG. 7 from testing of the eflect of various
inhibitors 1n asynchronous and dauer state nematodes.
Motility was determined aiter contact with the indicated
concentration of IBMX, vinpocetine, EHNA, cilostazol,
rolipram, papaverine, or dipyridamole. Dauer nematodes are
motile non-feeding worms 1n an arrested state. The dauer
nematodes were obtained through a bleach solution that kills
the live worms but allows the eggs to remain unaflected. The
cggs were then allowed to hatch 1n the absence of food to
obtain dauer worms. Asynchronized nematode populations
were obtamned from plates ~5 days old with worms of
different developmental states. Exposure/treatment of the
dauer and asynchronized nematodes were the same. With the
exception of cilostazol, asynchronized populations showed
similar sensitivity to PDE 1nhibitor compounds as nema-
todes arrested in the dauer state.
Dose-Response Testing

Dose-response relationships were performed (with dose-
response testing methods set forth in Example 5) to quantify
the potency of drugs. Results from dose-response testing are

shown 1n FIGS. 8-12, which show dose-response graphs for
cilostazol (FIG. 8), milrinone (FIG. 9), rolipram (FIG. 10),

papaverine (FI1G. 11), and MP10 (FIG. 12). FIG. 8 shows a
dose-response graph for cilostazol (a PDE3 inhibitor). The
graph indicates the micromolar concentration of cilostazol
and the fraction of motile worms relative to control worms
not contacted with cilostazol. FIG. 9 shows a dose-response
graph for milrinone (a PDE3 inhibitor). The graph indicates
the millimolar concentration of milrinone and the fraction of
motile worms relative to control worms not contacted with
milrinone. FIG. 10 shows a dose-response graph for rolip-
ram (a PDE4 mhibitor). The graph indicates the micromolar
uM concentration of rolipram and the fraction of motile
worms relative to control worms not contacted with rolip-
ram. FIG. 11 shows a dose-response graph for papaverine (a
PDE10 1nhibitor). The graph indicates the micromolar uM
concentration ol papaverine and the Ifraction of motile
worms relative to control worms not contacted with papav-
erine. FIG. 12 shows a dose-response graph for MP10 (a
PDE10 inhibitor). The graph indicates the micromolar uM
concentration of MP10 and the fraction of motile worms
relative to control worms not contacted with MP10.
Study of the Time Course of the PDE Inhibitor Effect on
Motility

For this study, worms were contacted with drugs and
scored for motility at various time points after the drug
treatment to determine how quick the motility defect
occurred. Nematodes were scored at 0, 1, 2, 4, 8, and 24
hours after addition of the treatment. Concentrations were
4.9 uM cilostazol, 2.5 uM Rolipram, and 6.6 uM papaverine.
FIG. 13 provides a graph showing results of study to
determine the time of drug eflect on worm motility after
contact. The time 1s shown in hours after contact was
mitiated and the eflect was determined by assessing the
fraction of contacted works that were motile, relative to
control worm motility (1.e., worms not contacted with the
tested drug). Cilostazol, rolipram and papaverine were
tested. FIG. 14 shows graphs of results of study to determine
the time of drug eflect on worm motility after contact with
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milrinone (FIG. 14A) and MP10 (FIG. 14B). The time 1s
shown 1n hours after contact and the effect was determined

by assessing the fraction of contacted works that were
motile, relative to control worm motility (controls were
worms not contacted with tested drug). In the graph, the X
ax1is shows the time after initial contact of the worms to the
PDE inhibitor at which motility was evaluated and the Y axis
shows the fraction of worms that exhibited normal motility
in comparison to the control condition (i.e., no contact with
PDE 1nhibitor).
Recovery after Drug Treatment

This study was performed to determine whether motility
defects that resulted from contact with PDE inhibitors were
permanent or temporary. For the study, nematodes were
exposed for 24 hours with the PDE inhibitor (at the con-
centration indicated i FIG. 15) and then plated out and
evaluated for normal motility as described elsewhere 1n the
Examples. The inhibitor was then removed from the medium
in which the worms were maintained, and 24 hours there-

alter the fraction of worms exhibiting normal motility was
evaluated. FIG. 15 shows the effects of PDE inhibitors on

il

worm motility and the extent to which the mhibitor effect
was reversible 24 hours after the inhibitor compound was
removed from contact with the nematodes, using the fol-
lowing inhibitors: cilostazol, milrinone, rolipram, papaver-
ine, and MP10. Motility 1s shown relative to control motility
in worms not contacted with the test drug.

Example 7

Bioinformatic Analysis of Heterodera glyvcines PDE3 Cata-
lytic Domain Sequence

The alignment in FIG. 16 shows that many amino acid
residues are conserved between the nematode and vertebrate
PDE3 family. This information shows that Heterodera gly-
cines 1s susceptible to control by a PDE inhibitor. Additional
parasitic nematode species susceptible to control by the
methods herein described are 1dentified. Genomic data from
parasitic nematode species are obtamned and compared
against known PDE sequences. Such comparisons are done
by sequence alignment tools such as BLAST, ClustalW2,
FASTA, or any other sequence alignment or pairwise align-
ment tool, or by a motif finding tool, or any other tool or
method by which sequences may be compared. Catalytic
domains are identified based on sequence similarity and
sequence analogy to the known catalytic domains of PDE
enzymes Irom ecukaryotic organisms. As used herein,
“sequence analogy” means one or more amino acid
sequences whose amino acid residues are functionally con-
served within the catalytic domain of a known enzyme. The
amino acid sequences need not be identical or merely
similar. Rather, an amino acid sequence with sequence
analogy to another sequence maintains functionally similar
amino acid residues located at functional positions within
the catalytic domain.

Specific PDE inhibitor compounds are designed to bind to
the amino acid residues located at the functional positions of
the catalytic domain of the PDE enzyme of a parasitic
nematode species. The specific PDE inhibitor compounds
thus designed bind with the parasitic nematode PDE, and
thereby control a parasitic nematode infestation. Genomic
data available for Heterodera glycines was examined and
partial sequence information for PDEs 1, 2, 3, 4, 8, and 10
was 1dentified 1n this species. In addition, a nearly full-
length catalytic domain sequence for PDE3 was predicted
from the genomic information. FIG. 16 shows the alignment

of PDE3 amino acid sequences {from Meloidogyne [MHA
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PDE3 (SEQ ID NO:1), contig 894], Heterodera. [HGL
PDE3 (SEQ ID NO:2), U.S. Pat. No. 8,067,671 sequence
143193)], C. elegans [CEL PDE3 (SEQ ID NO:3), Acces-
sion number NP 001254453], and human [HSA PDE3 (SEQ
ID NO:4), Accession number NP 000913]. The alignment 1n
FIG. 16 shows that many amino acid residues are conserved
between nematodes and vertebrates, including . glycines.
This information shows that Heterodera glyvcines may be

susceptible to control by a PDE inhibaitor.

Example 8

Meliodogyne and Heterodera nematodes are contacted
with a PDE inhibitor. Levels of one or more activities in the
contacted nematodes are determined and compared to the
one or more activity levels 1n control Meliodogyne and
Heterodera nematodes that are not contacted with the PDE
inhibitor. One or more activity levels including motility
(e.g., locomotion), hatching, development, chemosensation,
chemotaxis, infectivity, viability, reproduction, replication,
invasion ol a host, or establishment of a parasitic infection
in a host are determined using methods descripted in the
Examples herein. In certain studies, the nematodes are
contacted and assessed 1n vitro, for example 1n culture. In
additional studies the nematodes are contacted mn or on
plants, which may be cultivated 1n a laboratory setting or
may be crop plants, e.g., field-grown plants or crops.

In some studies, the PDE inhibitor 1s a PDE inhibitor that
does not result 1n a significant level of PDE 1nhibition 1n a
vertebrate and/or vertebrate sample when the inhibitor 1s
contacted with the vertebrate and/or the vertebrate sample.

The contact with the PDE inhibitor reduces one or more
activity levels 1n the contacted nematodes as compared to
levels of the one or more activities 1 the non-contacted
control Meliodogyne or Heterodera nematodes.
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' inconsistent, 1s included within the scope of the present
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- - mnvention.
EQUIVALENTS » .
All definitions, as defined and used herein, should be
Although several embodiments of the present invention understood to control over dictionary definitions, definitions

have been described and illustrated herein, those of ordinary ~ 11 documents incorporated by reference, and/or ordinary
skill in the art will readily envision a variety of other means {5 MCalilgs of the deﬁned terms. o
and/or structures for performing the functions and/or obtain- The indefinite articles “a” and “an,” as used herein 1n the
ing the results and/or one or more of the advantages specification and in the claims, unless clearly indicated to
described herein, and each of such variations and/or modi- the contrary, should be understood to mean “at least one.”
fications 1s deemed to be within the scope of the present The phrase “and/or,” as used herein 1in the specification
invention. More generally, those skilled in the art will 3¢9 and in the claims, should be understood to mean “either or
readily appreciate that all parameters, dimensions, materials, both” of the elements so conjoined, 1.e., elements that are
and configurations described herein are meant to be exem- conjunctively present in some cases and disjunctively pres-
plary and that the actual parameters, dimensions, materials, ent 1n other cases. Other elements may optionally be present
and/or configurations will depend upon the specific appli- other than the elements specifically 1dentified by the “and/
cation or applications for which the teachings of the present ;5 or” clause, whether related or unrelated to those elements
invention 1s/are used. Those skilled 1n the art will recogmize, specifically 1dentified, unless clearly indicated to the con-
or be able to ascertain using no more than routine experi- trary.

mentation, many equivalents to the specific embodiments of All references, patents and patent applications and pub-

the invention described herein. It 1s, therefore, to be under- lications that are cited or referred to 1n this application are

stood that the foregoing embodiments are presented by way incorporated 1n their entirety herein by reference.
SEQUENCE LISTING
<160> NUMBER OF SEQ ID NOS: 4
<210> SEQ ID NO 1
<211> LENGTH: 274
<212> TYPE: PRT
<213> ORGANISM: Meloidogyne hapla
<400> SEQUENCE: 1
Asp Ile Pro His Asn Arg Ile His Ala Ala Asp Val Leu His Gly Cys
1 5 10 15
Phe Tyr Leu Thr Cys His Ala Val Gln Ala Phe Tyr Leu Met Ala Leu
20 25 30
Phe Ser Ala Ala Ala Met His Asp Tyr Asp His Pro Gly Arg Thr Asn
35 40 45
Ala Phe Leu Val Ala Ser Glu Asp Lys Lys Ala Ile Leu Tyr Asn Asp
50 55 60
Arg Ser Val Leu Glu Asn His His Ala Ala Glu Ser Trp Lys Leu Leu
65 70 75 30
Thr Ser Gln Ser Ser Tyr Asn Phe Ile Glu Ser Leu Asp Ser Ala Glu
85 90 95
Thr Lys Arg Phe Phe Arg Tvyvr Leu Val Leu Glu Tyr Ile Leu Ala Thr
100 105 110
Asp Leu Lys Gln His Phe Asp Ile Ile Val Gln Phe 2Asn Glu Arg Ala
115 120 125
Pro Ser Met Asp Leu Ser Asn Glu Ser Asp Arg Met Leu Ile Ser Leu
130 135 140
Met Ile Ile Lys Phe Ala Asp Ile Asn Ser Pro Ala Lys Pro Tyr Ser
145 150 155 160
Leu His Lys Gln Trp Thr Glu Arg Ile Cys Gln Glu Phe Tyr Glu Gln



Gly

ATg

Tle

Tle

225

Trp

Glu

Ser

ASpP

Ser

Val

210

Leu

Leu

ASpP

Arg

Glu

Glu

195

AgSh

Pro

Agn

Glu

Glu

180

Pro

Pro

Gly

Gln

Lys
260

165

Arg

Ala

Leu

Leu

Ile

245

Arg

<210> SEQ ID NO Z

<211> LENGTH:

<212> TYPE:
<213> ORGANISM: Heterodera glycines

PRT

<400> SEQUENCE:

Asp Arg Ala Glu

1

Trp

Ser

Phe

Ser

65

Val

Hig

Glu
145

His

Gln

Leu

Tle

Glu

225

Gln

Val

Ser

Arg

Lys

50

Gly

Leu

Arg

Agn

ASp

130

ASpP

His

Phe

Val

Tle

210

Ser

Glu

Ser

Phe
Leu
35

Tle

His

Gln

Ser
115

Ala

Tle

Leu

195

Met

ASP

Phe

Pro

Pro

20

Thr

Ser

Trp

Gly

Met

100

Phe

ASDP

Ala

Glu
180

Glu

Gln

ATg

318

2

Leu
5

Ile

Asp

Thr
a5

Pro

Val

His

2la

Glu

165

AsSn

Phe

Val

Glu

245

Met

Leu

Val

Ala

Pro

230

Glu

Gly

Glu

Phe

Ala

Thr

ITle

70

Phe

Pro

Pro

Tle

150

Ser

Leu

Tle

Agn

Leu

230

Gln

ASpP

43

Arg
Ala
Tle
215
Glu

Phe

ASn

Arg
Arg
Tle
Lys

55

Pro

AsSp
Leu
Gly
135
Leu
Trp
AsSp

Leu

Glu
215
Ile

Gly

Arg

Agn

Lys

200

Ala

Ser

ASP

2la

ASDP

Leu

Phe

40

Phe

Leu

Phe

Met

120

Arg

Arg

Ser

Ala

200

ATrg

Ser

ASpP

Agn

Met

185

Leu

Leu

Gly

Gln

Leu
265

Pro

Ala

25

Phe

His

Thr

Gly

105

Ala

Thr

Agn

Leu

Ala
185

Thr

Val

Leu

ASP

Glu

170

2la

Gln

AgSh

Leu

Lys

250

Gly

2la

10

Glu

Glu

Agn

Agn

Cys

50

Agn

Leu

Agn

ASp

Leu

170

Glu

ASp

Pro

Met

Glu

250

Pro
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ITle

ASDP

Glu

ATrg

235

His

Agnh

Leu

Ala

Phe

ATYg

75

His

Tyr

Ala

ATrg
155

AgSn

Thr

Leu

ASpP

Leu

235

Ala
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Ser

Ser

Ala

220

Hig

ASn

Gly

Hig

ASDP

Phe

60

Ile

Pro

Tle

Thr

Phe

140

Ser

Ser

Met
220

Ile

ATrg

Val

Pro

Phe

205

Agh

AsSn

Arg

Gln

Leu

45

His

His

val

Glu

Ala

125

Leu

Val

His

Arg

Gln

205

Asp

Asn

Arg

Ala

Tyr

120

Ile

Leu

His

Glu

Thr
270

Tle

ATg

30

Phe

Ala

Ala

His

Ser

110

Ala

Val

Leu

Ala

Phe
190

His

Leu

Leu

175

Met

ala

Leu

Gln

Ser

255

Agn

Gln

15

Thr

Arg

Leu

2la

2la

55

Tle

ala

2la

Glu

Gln

175

Arg

Phe

Agn

Ile

Met
255

Leu

ASDP

His

Pro

Lys

240

Glu

Tle

Glu

Val

Thr

Glu

ASpP

80

Phe

Leu

Met

Ser

Agn

160

Phe

ASp

Ser

Cys

240

Pro

Gln
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ASp

Glu

Tle
305

Ser

ala
290

Tle

Phe
275

Gly

AgSh

260

Ile Ala His

Leu Phe Pro

Leu Lys His

<210> SEQ ID NO 3

<211> LENGTH:

<212> TYPE:
<213> ORGANISM: Caenorhabditis elegans

PRT

<400> SEQUENCE:

Ser Ser Ile Met

1

Thr

Phe

Ser

Lys

65

ATrg

Gln

ASP

Gln

145

Glu

Ala

Pro

Gly

Lys

225

Gln

Glu

Leu

2la

Leu

Val

50

Pro

Phe

His

Val

Met

130

Trp

Arg

Gln

Leu

Leu

210

Trp

Ile

Ser

ASpP

Ala

Val

35

Leu

Glu

Arg

Phe

Gln

115

Ala

Thr

Val

Ala
195

ASP

Thr

Ala

Ser
275

Ala
20
Gln

Glu

Agn

Glu

100

Val

ASDP

ASP

ATy

Ala

180

Thr

Thr

Glu

Ser
260

ASP

279

3

Ser

5

Met

Val

AsSn

His

Leu

85

Tle

Glu

Tle

Arg

Gly

165

Ala

Ser

Gln

Asn
245

Thr

Leu

<210> SEQ ID NO 4

<211> LENGTH:

<212> TYPERE:

<213> ORGANISM: Homo sapiens

PRT
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310

Gln

His

Glu

His

Phe

70

Val

Tle

Thr

Agn

Tle

150

Leu

Leu

Met

Glu

Tle

230

Gly

Ser

Ser

45

265

Tle Val Asgn

280

Val Leu Pro

295

Asn Hisgs Gln

Leu

Asp

Asp

Hig

55

Ile

Leu

Met

Asp

Ser

135

Pro

Gln

Asn

Leu

215

Glu

Gly

Asp

Gln

Ser

Lys

40

2la

Glu

Glu

Thr

ATy

120

Pro

Glu

Tle

ASP

Glu

200

Tle

Leu

Thr

Ser

Thr

ASP

25

Ala

Agn

Phe

105

Leu

Thr

Glu

Thr

Ser

185

Tle

Glu

Ala

Pro
265

Pro

Gly

Leu

10

His

Ala

Glu

Leu

Tle

50

Thr

Leu

Phe

Pro

170

Phe

Gly

AgSh

Agn

Val
250

ASp
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Leu

Leu

Trp
315

Glu

Pro

Ile

Ser

ASD

75

Leu

Glu

Ile

Pro

Tyr

155

ITle

Leu

Met

Gly

235

Agnh

Pro
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Ala
Pro
200

Leu

Leu

Gly

Leu

Trp

60

Pro

Ala

ATYg

Gly

Tvyr

140

Glu

Met

Ala

Leu

Glu

220

Gly

Gly

ATYg

Tle
285
Glu

His

Met

Arg

Tyr

45

Ala

Thr

Leu

Lys

125

Gly

Gln

Asp

His

Pro

205

His

Ser

Val

Arg

270

Ala

Ser

Gln

Ala

Thr

30

Agn

Leu

Glu

ASP

Thr

110

Leu

Leu

Gly

Arg

Val

120

Ile

AgSh

Ile

ASP
270

Leu

Glu

Leu

15

Agn

ASP

Leu

Met

Leu

55

Glu

Leu

His

ASpP

Gly

175

Val

Leu

His

Glu

Glu
255

Ser

Agn

Leu

Phe

2la

Agn

Lys

80

Tle

Ile

Arg

ASp

160

ASp

Ser

Pro

Ala
240

Glu

Pro
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<400> SEQUENCE:

Asp Met Gly Leu

1

Asn

Agh

Thr

Thr
65

Leu

Ala

Val

Leu
145

Pro

Phe

Hig

Gly

225

Hig

ASpP

Ser

Val

305

Glu

ASh

Val

Tyr

Arg

Gln

50

Ser

Val

Ser

2la

Ala

130

Glu

Glu

Arg

Phe

Ile

210

Tle

Leu

Glu

ala

Gly

290

Trp

Glu

AgSh

Gln

Tle
370

Phe

Tle

35

Pro

ASP

Phe

Gly

Met

115

Thr

Agn

Phe

ASP

195

ASP

Gln

Glu

Pro

275

Pro

Val

Glu

Glu

Tle

355

Glu

His

20

His

Tle

Ser

Ser

Agn

100

His

Ser

His

Agn

Leu

180

Phe

Trp

Leu

Trp

Ala

260

Gln

Leu

Glu

Glu

Ser

340

Thr

Glu

4

Phe

Ala

Ala

Pro

Asp

Lys

85

Tle

Asp

Ala

His

Phe

165

Val

Vval

Thr

Ala

Thr

245

Ser

Leu

AsSp

Glu
325

Pro

Gln

Glu

Glu

Leu

Thr

Gly

Ser

70

Thr

Pro

Pro

Ala
150

Leu

Tle

Ala

Asn

ASP

230

ASpP

Leu

Ala

Agn

Ser

310

Ala

His

Gln

47

Ala
Glu
Asp
Leu

55

Asp

Ala
Asp
Gln
135
Ala

Ile

Glu

Glu
215
Tle
Gly
Gly
Asn
Ser
295

AsSp

Pro

Leu

Arg
375

Phe

Ile

Val

40

Ser

Ser

Agh

Leu

His

120

Ala

2la

Agn

Ala

Phe

200

Agn

Agh

Tle

Leu

Leu

280

Glu

2la

Leu
360

Leu

Gly

25

Leu

Thr

Gly

Val

Glu

105

Pro

Val

Ala

Leu

Tle

185

ASn

ASP

Gly

Val

Pro

265

Gln

ASDP

Ser

Pro

Thr

345

Gln

Ala

Tle

10

His

Val

Phe

Thr

50

Leu

Gly

Leu

Trp

ASpP

170

Leu

Gly

Arg

Pro

Agn

250

Tle

Glu

Ser

Gly

Agn

330

Phe

Agn

Gly
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Pro

ATYg

Ala

ITle

Thr

75

ASpP

Met

ATYg

Asnh
155

His

Ala

Leu

Ala

235

Glu

Ser

Ser

Ala

ASpP

315

Glu

His

ITle

-continued

Tle

ASDP

Val

AsSn

60

Hig

ASDP

Ala

Thr

Agnh

140

Leu

Val

Thr

Val

Leu

220

Phe

Pro

Phe

Gly

300

Thr

Glu

ATrg

Glu
280

Arg

Ile

Trp

45

Asp

Gly

Leu

Asn

125

Asp

Phe

Glu

Asp

ASn
205

Val

Phe

Ile
285

Leu

Asp

Glu

Arg

Met

365

AsSn

Glu

Pro

30

His

His

Tyr

110

Ala

Arg

Met

Phe

Leu
190

ASP

Glu

Met

270

Ser

Met

ASP

Thr

350

Trp

Gln

Phe

15

Leu

Gly

Met

Gly

55

Val

Phe

Ser

Ser

Lys

175

ASP

Gln

Glu

Gln

255

ASpP

Hig

Pro

Pro

Cys

335

Tle

Ser

Met

His

Thr

Ser

Gly
80

Ala

Leu

Val

Arg
160

His

Val

Met

Leu

240

Gly

ATrg

Ile

Gly

Glu

320

Glu

Leu
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405 410
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The 1invention claimed 1is:

1. A method of identifying a candidate phytoparasitic
nematode phosphodiesterase (PDE) inhibitor compound that
disrupts cyclic nucleotide metabolism 1n a phytoparasitic

nematode, the method comprising:
a) contacting a phytoparasitic nematode test sample with
a test compound under conditions suitable for PDE
activity;
b) measuring the level of PDE activity 1n the test sample;
¢) comparing the measured level of PDE activity in the
test sample to a control level of PDE activity, wherein
the control comprises a vertebrate sample contacted
with the candidate compound under suitable conditions
for PDE activity in the vertebrate sample; and
d) determining whether the contacted test sample has a
reduced level of PDE activity relative to the control
level of PDE activity, wherein a reduced level of PDE
activity in the test sample relative to the control level of
PDE activity 1dentifies the test compound as a candi-
date phytoparasitic nematode PDE 1nhibitor compound
that disrupts cyclic nucleotide metabolism 1n the phy-
toparasitic nematode, and wherein the reduced level of
PDE activity 1n the test sample relative to the control
sample further i1dentifies the test compound as selec-
tively disrupting cyclic nucleotide metabolism 1n the
phvtoparasitic nematode compared to the vertebrate.
2. The method of claim 1, wherein the vertebrate PDFE 1s
an ortholog of the phytoparasitic nematode PDE.
3. The method of claim 1, further comprising,
determining one or more amino acid differences between
a sequence of a catalytic domain of the phytoparasitic
nematode PDE and a sequence ol a corresponding
catalytic domain of a non-phytoparasitic nematode
PDE ortholog or a vertebrate PDE ortholog; and
selecting the test compound based at least 1n part on the
one or more 1dentified differences between the catalytic

domain sequences.
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4. A method of i1dentitying a candidate phytoparasitic
nematode phosphodiesterase (PDE) inhibitor compound that
disrupts cyclic nucleotide metabolism in a phytoparasitic
nematode, the method comprising:

a) contacting a phytoparasitic nematode test sample with

a test compound under conditions suitable for PDE
activity;

b) measuring the level of PDE activity 1n the test sample;

¢) comparing the measured level of PDE activity 1n the
test sample to a control level of PDE activity, wherein
the control comprises a non-phytoparasitic nematode
sample contacted with the test compound under suit-
able conditions for PDE activity 1n the non-phytopara-
sitic nematode sample; and

d) determining whether the contacted test sample has a
reduced level of PDE activity relative to the control
level of PDE activity, wherein a reduced level of PDE
activity in the test sample relative to the control level of
PDE activity 1dentifies the test compound as a candi-
date phytoparasitic nematode PDE inhibitor compound
that disrupts cyclic nucleotide metabolism 1n the phy-
toparasitic nematode, and wherein the reduced level of
PDE activity 1n the test sample relative to the control
level of PDE activity further identifies the test com-
pound as selectively disrupting cyclic nucleotide
metabolism 1n the phytoparasitic nematode compared
to the non- phytoparasitic nematode.

5. The method of claim 4, further comprising,

determinming one or more amino acid differences between
a sequence of a catalytic domain of the phytoparasitic
nematode PDE and a sequence of a corresponding
catalytic domain of a non-phytoparasitic nematode
PDE ortholog or a vertebrate PDE ortholog; and

selecting the test compound based at least 1n part on the
one or more 1dentified differences between the catalytic
domain sequences.
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